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A new so u rce  o£ a to m iza tio n  fo r  atom ic a b so rp tio n  sp ec tro sco p y  
has been d ev elo p ed . The a p p lic a t io n  o f th is  a tom izer fo r  th e  de­
te rm in a tio n  o f  m etals in  the atm osphere has been in v e s t ig a te d .  The 
elem ent le a d  was the p r in c ip a l  p o l lu ta n t  in  the  a i r  s tu d ie d .  W hile 
p re se n t methods fo r  lead  in  the  a i r  r e q u ire  sample c o l l e c t io n  and 
c o n c e n tra tio n , the developed method w i l l  allow  the d i r e c t  d e te r ­
m ination  on a  con tinuous b a s is .
The d e te rm in a tio n  was based on th e  p roduction  o f n e u tr a l  lead  
atoms and t h e i r  a b so rp tio n  o f re so n a n t r a d ia t io n .  I t  d i f f e r s  from
normal atom ic a b so rp tio n  in  th a t  th e  sou rce  of n e u tra l  atoms i s  a
%
long p a th le n g th  q u a rtz  tube w ith  a s id e -s te rn  c o n ta in in g  g ra p h ite  
ro d s . The e f f ic ie n c y  o f n e u tra l  atom p roduction  i s  th e  most im­
p o rta n t f a c to r  in  the  l im i ts  o f d e te c t io n  of atom ic a b s o rp t io n . The 
side -stern  c o n ta in e d  sp e c tro sc o p ic  g rade g rap h ite  rods which were 
m ain tained  a t  approx im ate ly  1200°C. A t th is  tem pera tu re  carbon  r e ­
a c ts  w ith  oxygen to  form alm ost e x c lu s iv e ly  carbon m onoxide. The 
CO in  tu rn ,  r e a c t s  w ith  any lea d  compounds p re se n t, thus red u c in g  
the lead  to  i t s  ground s t a t e .  A ir was passed over th e se  ro d s and 
in to  the  a b s o rp t io n  tu b e , where the  le a d  atoms produced absorbed  
th e i r  r e s o n a n t r a d ia t io n  and th e i r  q u a n ti ta t iv e  d e te rm in a tio n  
accom plished.
A new dem ountable hollow  cathode lamp l ig h t  source  was con­
s tru c te d  to  o b ta in  resonance l in e  em issions o f m etals In s te a d  o f 
using  com m ercially  a v a ila b le  lam ps.
The c o n s tru c te d  lamp was found to  be su p e r io r  in  many ways to  
th e  commercial ones. F i r s t ,  one lamp chamber may be employed to  
e x c i te  em ission  o f as many m eta ls  as re q u ire d . N ext, the  lamp 
employed a con tinuous flow o f  c a r r i e r  gas which e lim in a te s  one of 
the  main cau ses o f f a i lu r e  o f  the s e a le d -o f f  lam ps, th a t  o f em- 
trapm ent o f gas m olecules by the s p u tte re d  m etal from the  cathode.
Four methods of s ta n d a rd iz a tio n  were in v e s t ig a te d .  Two of 
the  methods w ere found to  be u sa b le  a t  the  low c o n c e n tra tio n  le v e l 
in v o lv ed . These methods w ere th e  d i r e c t  in je c t io n  o f t e t r a e th y l  
lead  in to  an  a i r  stream  and the  d i f f u s io n  o f t e t r a e th y l  lead  vapor 
in to  an a i r  s tream .
S e r ie s  o f  s tu d ie s  were perform ed to  determ ine the  optimum 
lamp c u r r e n t ,  s l i t  w id th , g ra p h ite  rod  tem p era tu re , optimum sample 
flow r a t e ,  r a t e  o f s tan d ard  in je c t i o n ,  l i f e t im e  o f  the  ro d s , re p e a t-  
i b i l i t y  of th e  method, cho ice  of a n a ly t i c a l  w aveleng th , l im i ts  of 
d e te c t io n  and p o ss ib le  i n t e r f e r a n t s . V arious methods fo r  th e  r e ­
moval o f le a d  from the a i r  w ere a ls o  in v e s t ig a te d . The l im i t  of 
d e te c t io n  fo r  lead  in  a i r  was 10 (j,g/cubic m eter. The v a rio u s  chem­
ic a l  forms o f  lead  were s tu d ie d  to  show th a t  the method w i l l  respond 
to  o rgan ic  and in o rgan ic  forms o f  le a d  p o l lu ta n ts  in  th e  a i r .
T his method can be a p p lie d  to  o th e r  m e ta ls . P re lim in a ry  
s tu d ie s  have been done w ith  m ercury and a r s e n ic .  Hollow cathodes 
fo r  th ese  e lem ents have been p rep a red  and in v e s t ig a te d . R esu lts  
show th a t  th e  g ra p h ite  a tom izer can  reduce  in o rg an ic  compounds of 
th ese  e lem ents to  the n e u tr a l  s t a t e  and a b so rp tio n  by th e  atoms of 
th e i r  re so n a n t r a d ia t io n  was observed .
... . .  . x i  ,,,
A stu d y  o f the  em ission  o f o rg an ic  compounds in  a  hollow  cathode 
lamp has been perform ed. New demountable lam ps, t h e i r  c o n s tru c t io n  
and o p e ra tio n  have been in v e s t ig a te d .  The compounds s tu d ie d  were 
o rg an ic  and in o rg an ic  p hospha tes . The em ission s p e c t r a  o f  o rg an ic  
phosphates in  a hollow  cathode lamp c o n s is ts  o f bands from the 
fo llo w in g  frag m en ts , CH, CO, C2 and PO. The band o f  a n a ly t i c a l  im­
p o rtan c e  i s  th a t  o f  the  PO fragm en t. This band may be observed when 
one u se s  any compound which has a P-0 bond. I t  has been p o s s ib le  to  
o b ta in  em iss io n  from in o rg an ic  phosphates a ls o . These compounds 
g ive  PO band em issions s im i la r ,  i f  n o t id e n t ic a l ,  to  th o se  from 
o rg an ic  P-0 c o n ta in in g  compounds.
x i i
LIST OF ABBREVIATIONS
The fo llo w in g  a b b re v ia tio n s  a re  used th roughout th i s  
d i s s e r t a t io n .
M-8 microgram
mg = m illig ram
ml = m i l l i t e r
cc = cubic c e n tim e te r
min. = minute
Abs. = a b so rp tio n
TEL s t e t r a e th y l  le a d
1 = l i t e r
°C
A
= degrees c e n tig ra d e
KA = degrees k e lv in
X angstrom
mm = m illim e te r
m3 = cubic m eter
W = w att
V = v o l t
KVA = k ilo v o lt-am p ere
lb s . = pounds
ma = m illiam peres
in . inches
DC = d ir e c t  c u r r e n t
AC = a l te r n a t in g  c u r re n t
ID = in te rn a l  d iam ete r
$ = standard  ta p e r
HC *= hollow cathode
PART I
THE DEVELOPMENT OF A NEW ATOMIZATION METHOD FOR ATOMIC 
ABSORPTION SPECTROSCOPY AND ITS USE IN THE DETER­
MINATION OF METALS IN THE ATMOSPHERE
I .  INTRODUCTION
A. HISTORICAL
The p o l lu t io n  o f the e a r t h 's  atm osphere has become a source 
o f  m ajor concern . Our fe d e ra l  and lo c a l  governm ents a re  m o b iliz in g  
men and re so u rc e s  to  determ ine to  what e x te n t  the  a i r  th a t  we b rea th e  
has been p o llu te d  and what s te p s  can be tak en  to  combat t h i s  e v e r­
growing menace. Some o f the  most im p o rtan t p o l lu ta n ts  in  the  a i r  a re  
m e ta ls . I t  i s  the purpose th e re fo re ,  o f t h i s  re s e a rc h  to  develop a 
method fo r  the d i r e c t  d e te rm in a tio n  o f m eta ls  in  the  atm osphere. Of 
the  m etal c o n ta in in g  p o l lu ta n ts ,  one o f  th e  most im p o rtan t i s  le a d . 
Thus, lead  w i l l  be the  p r in c ip a l  elem ent under in v e s t ig a t io n .  The 
major source o f le a d  in  th e  atm osphere i s  from autom obile e x h a u s ts . 
Each g a llo n  o f g a so lin e  th a t  the  m ill io n s  o f  c a rs  on our highways to ­
day burn c o n ta in s  from h-. 8 to 6 A  grams o f o rganolead  compounds ( l ) .
The le v e ls  o f  lead  in  th e  a i r  in  our c i t i e s  i s  cau sin g  g re a t  
concern  among our h e a l th  a u th o r i t i e s .  In  th e  Los Angeles a r e a ,  th e  
am bient a i r  c o n ta in s  2 - 3 p,g P b /cu b ic  m ete r. In  heavy t r a f f i c  t h i s  
f ig u re  ranges from Ilf to  1A ^g/m3 . In  the  c i t i e s  o f  P h ila d e lp h ia  
and C in n c in n a ti , the  v a lu es ranged from 1 to  3 M-g/m3 (2 ) .  On the 
s t r e e t s  o f P a r i s ,  th e  lead  c o n c e n tra tio n  in  the  atm osphere v a rie d  
from 3.25 to  9*8 ixg/m3 (3 ) .  In  Osaka C i ty ,  Japan , th e  amount was 
found to  be in  r e s id e n ta l  a r e a s ,  9 A  in  n o n -lead  fa c to ry  d i s ­
t r i c t s ,  1 0 .2  on the  main t r a f f i c  a r t e r i e s ,  and 36A  |JLg/m3 in  the 
s t r e e t s  w ith  dense t r a f f i c  (^ ) .
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The U. S . P u b lic  H ea lth  S e rv ice  r e c e n t ly  conducted surveys 
o f p la n t  atm ospheres and found the  fo llo w in g : 11 m illig ram s Pb/m3
in  in s e c t ic id e s  p la n ts ;  up to  38 m illigram s/m 3 in  s to ra g e  b a t te ry  
p la n t s ;  ^9 m illigram s/m 3 in  p a in t  m anufacturing  p la n t s .  These f i g ­
u re s  a re  fo r  the a i r  in s id e  the  p la n t s .  For the  s to ra g e  b a tte ry  
f a c to r y ,  r e s u l t s  re v e a l t h a t  downwind from the i n s t a l l a t i o n ,  90 p.g/m3 
was s t i l l  p re se n t in  the  a i r  and upwind, app rox im ate ly  9 M<g/m3 cou ld  
be d e te c te d  (3 ) . I n v e s t ig a to r s  in  Romania have examined the a i r  
around m etal fo u n d rie s  and o b ta in ed  d a ta  which in d ic a te d  c o n ce n tra ­
t io n s  rang ing  from 2 .5  to  200 y,g o f lead  in  each cub ic  m eter of a i r  (6 ) .
1 . Methods o f  A n a ly sis
Through th e  y e a r s ,  many methods o f a n a ly s is  have been 
employed to  determ ine lea d  in  th e  a i r .  These methods re q u ire  the  
c o l le c t io n  and scrubb ing  o f g re a t  volumes o f a i r  to  o b ta in  enough 
sample to  an a ly ze . The methods o f  c o l le c t io n  can be d iv ided  in to  two 
main c a ta g o r ie s .  One, th e  c o l le c t io n  by p h y s ic a l methods and two, 
by chem ical means.
The p h y s ic a l tra p p in g  methods employ the  use o f 
s e v e ra l  d i f f e r e n t  a g e n ts . Some w orkers in  th e  f i e l d  have employed 
p la in  f i l t e r  paper and a s h le s s  f i l t e r  paper (7 , 8 , 9 > 10 )> w hile  
o th e rs  have used f ib e r  g la s s  sh e e ts  (11, 1 2 ) . Some o f the  most com­
monly used trap p in g  f i l t e r s  today a re  the  m il l ip o re  f i l t e r s  (2 , 13 ) .  
S e v e ra l in v e s tig a to r s  have used membrane and m icrosorban f i l t e r s
(U f, 1 5 ) .
Chemical a g en ts  have been w ide ly  employed fo r  the 
c o l le c t io n  of le a d  from th e  a i r .  S o lu tio n s  o f io d in e  and io d in e
5
s a l t s  have been w ide ly  u sed . For example; io d in e  in  m ethyl a lc o h o l 
(16 , 2 0 ) , io d in e  in  aquous KI s o lu tio n  (22 , 1 9 ) ,  io d in e  in  CC14 , 
io d in e  m onochloride and io d in e  c r y s ta l s  by th em se lfs  (2 1 ). O thers 
have used d i lu t e  s o lu t io n s  o f n i t r i c  a c id  (1 7 , 5 0 > 1 8 , 6 ) .
o f  methods have been used to  perform  th e  a n a ly s i s .  These methods 
a r e :  x -ra y  a n a ly s is  (1 3 ) ,  am perom etric t i t r a t i o n s  (23 ) ,  com plexation
w ith  sodium rh o d iz o n a te , fo llow ed by a tu rb id im e tr ic  d e te rm in a tio n  
(2^ ) ,  po larog raphy  (6 , 1 1 , 2 2 , 25 , 30 ) ,  sp o t t e s t s  employing t e t r a -  
hydroxy-p-benzoquinone (8 ) ,  and trea tm en t o f  s p o t paper w ith  HaS04 , 
d e te rm in a tio n  as PbS04 (9 ) ,  paper chrom atography (7 ) ,  em ission  
sp e c tro sc o p y  (1 0 , 1 7 , 1 8 , 2 6 , 27> 28 ) ,  c o lo r im e t r ic a l ly  as th e  d i t h i -  
zo n ate  (2 , 1 2 , 1 9 , 20 , 2 1 , 2 2 , 29) .
sp ec tro sco p y  (3l ) »  new p o s s i b i l i t i e s  fo r  a ch iev in g  more r a p id  a n a l­
y s i s  and much lower s e n s i t i v i t i e s  have been made a v a i la b le .  The 
a n a ly t ic a l  u t i l i z a t i o n  o f  atom ic a b so rp tio n  i s  based upon th e  f a c t  
t h a t  th e  t o t a l  a b so rp tio n  o f l i g h t  i s  d i r e c t l y  p ro p o r tio n a l  to  the  
c o n c e n tra tio n  o f  m etal atom s. The degree o f a b so rp tio n  i s  g iven  by:
where k = a b so rp tio n  c o e f f ic ie n t  a t  frequency  v 
e = charge on an e le c tro n  
m “  mass o f an e le c tro n  
c 88 speed o f l ig h t
f  “  o s c i l l a t o r  s tre n g th  o f ab so rb ing  l in e
Once the le a d  samples have been c o l le c te d ,  a v a r ie ty
2 . New P o s s i b i l i t i e s  by Atomic A bso rp tion
S ince the  d isco v ery  by Walsh o f  atom ic a b so rp tio n
1+
Since the on ly  v a r ia b le  i s  N i, the  number o f atom s, the  deg ree  o f 
a b so rp tio n  fo r  a  g iven  atom is  dependent only upon th e  c o n c e n tra ­
tio n  (32 ) .
The b a s ic  components re q u ire d  to  perform  a n a ly s is  by 
atom ic a b so rp tio n  a re :  a source  o f r a d ia t io n ,  a means o f a to m iz a tio n ,
and a d e te c t in g  system . In  common usage as l ig h t  so u rces a re  hollow  
cathode lam ps, microwave d isc h a rg e  lam ps, P h i l l ip s  and O sram -type 
lam ps, and o c c a s io n a lly  con tinuous so u rces such as th e  du terium  lamp. 
The most w id e ly  used o f th ese  i s  the  hollow  cathode lamp. The a tom i­
z a tio n  sou rce  commonly employed i s  th e  flam e. In the  flam e a to m iz e r , 
the  co n v ersio n  o f m olecules or ions to  n e u tra l  atoms i s  indeed  poo r.
I t  has t?een shown th a t  a to m iza tio n  in  a flame may reduce  on ly  one 
atom per m il l io n  from the  o r ig in a l  sample (33 ). Thus, by d e v is in g  a 
more e f f i c i e n t  a to m iz e r , one may in c re a se  the  degree o f a b so rp tio n  
and g r e a t ly  in c re a s e  th e  power o f d e te c t io n  of the method.
In  p r a c t ic e ,  th e re  a re  two methods o f  in c re a s in g  the  
d e te c tin g  power o f atom ic a b so rp tio n . S ince  the  number o f  atoms in  
a  sample i s  a  f ix e d  q u a n ti ty ,  the  a b so rp tio n  term can on ly  be in ­
c reased  by: (a )  g re a te r  p e rcen tag e  conversion  of sample to  atoms
and (b ) h o ld in g  th e  atoms in  the  l i g h t  p a th  fo r  a g r e a te r  p e rio d  o f 
tim e.
F i r s t ,  to  in c re a se  th e  p ercen tage  co n v ers io n  o f  sample 
to  n e u tra l  a tom s, therm al a to m ize rs  have been employed. Furnaces have 
been s tu d ie d  by King and L 'vov  which o p e ra te  a t  h igh  tem p era tu res  ( 3^ ) .  
S e n s i t i v i t i e s  in  th e  range o f 10 8 to  l o ”11 grams have been ach ieved  
by th ese  m ethods. L 'vov  and Massman have a ls o  s tu d ie d  th e  a p p lic a ­
t io n  o f g ra p h ite  c ru c ib le s  and have re p o r te d  s e n s i t i v i t i e s  in  the
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ranges o f 10 11 to  10 14 grams (35» 36)*
The second method o f in c re a s in g  p ercen tag e  a b so rp tio n  
o f  a  g iven  sample i s  to  in c rease  th e  p a th  le n g th . T his i s  n o t to  
imply th a t  pa th  le n g th  is  a  tru e  v a r i a b le .  The Beer-Lam bert Law i s  
n o t t r u ly  a p p lic a b le  in  atom ic a b s o rp tio n  fo r  t h i s  rea so n . In  normal 
s o lu t io n  sam ples, p a th  leng th  is  a t ru e  v a r ia b le  s in c e  the  c o n c e n tra ­
t io n  can be h e ld  c o n s ta n t . However, in  atom ic a b s o rp tio n , th e  quan­
t i t i e s  c o n c e n tra tio n  and p a th  len g th  can n o t be a c c u ra te ly  d e fin e d .
In  a normal b u rn e r , the  atoms spend a v e ry  s h o r t  time a c tu a l ly  in  the
l i g h t  beam. I f  one could  in c rease  th e  tim e they a re  in  the  beam, o r
r a t h e r ,  in c re a se  th e  number in  th e  beam from  a g iven  sam ple, then  a 
g r e a te r  .ab so rp tio n  cou ld  be o b ta in ed . T h is has been accom plished by 
th e  development o f . th e  long s lo t  b u rn e r .
A nother development a long  th e se  l in e s  was the  a p p lic a ­
t io n  o f long a b so rp tio n  tubes (37> 38» 39» M), **•!). K oirtyohann r e ­
p o r ts  a va lue  o f 0 .0 2  ppm fo r  the d e te c t io n  l im i t  fo r  le a d  (^ 2 ). 
Robinson r e p o r ts  a v a lu e  of .05 ppm fo r  le a d  o b ta in ed  w ith  a s lo t  
bu rn er and 0.0013 ppm w ith  a  T-shaped flam e ad ap to r made o f  q u a rtz  
( b j ) ,  The use o f th e  T-shaped q u a rtz  a b so rp tio n  tube has been shown 
to  g ive  a te n  to  f i f t e e n  fo ld  in c re a se  in  s e n s i t i v i t i e s  ( M l - ) .  Re­
c e n t ly ,  W oodriff has employed a long  a b so rp tio n  tube and a h igh  
tem pera tu re  fu rnace  to g e th e r  and r e p o r t s  a  s e n s i t i v i t y  fo r  lead  o f
3*9 x TO 11 8* (^ 5 , b6)* These a b s o rp tio n  tubes m erely se rv e  to
c o n c e n tra te  the  c loud  o f atoms being  produced and ho ld s them in  the  
l i g h t  pa th  fo r  a lo n g e r period  o f tim e . R ussain  w orkers have v e r i ­
f ie d  th a t  atoms produced in  a flame can p e r s i s t  fo r  a  time and th a t  
the  usage o f  th ese  long  ab so rp tio n  tu b es can  prove p r o f i ta b le  (^ 7 ).
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S ince  th e  bu rner system s a v a i la b le  w ith  comm ercial 
atom ic a b so rp tio n  equipm ent a re  n o t a b le  to  reach  the n e ce ssa ry  
s e n s i t iv i t y  l e v e l s ,  th e  d i r e c t  a n a ly s is  fo r  le a d  in  the  atm osphere 
has not y e t been p o s s ib le  by th is  method.
B. PURPOSE OF INVESTIGATION
I t  i s  the  aim  o f t h i s  re se a rc h  to  u t i l i z e  the  e x p e rien c e  
gained  in  therm al a to m iz a tio n  and a b so rp tio n  tubes to  develop a 
method o f d i r e c t  d e te rm in a tio n  o f lead  in  p a r t i c u l a r ,  and o th e r  
m eta ls  in  g e n e ra l, in  th e  atm osphere. There a r e ,  however, a number 
o f d isadvan tages to  th e  use o f  a  fu rnace  to  h e a t  an a b so rp tio n  tu b e . 
F i r s t ,  tem pera tu res ran g in g  from 1100 to  5000°C are  re q u ire d .
I t  has been shown th a t  long q u a rtz  tubes g ive  g r e a te r  
s e n s i t i v i t i e s  th an  do tubes o f o th e r  m a te r ia ls .  This is  ex p la in e d  
by th e  e f f e c t  o f m u lt ip le  r e f l e c t io n s  o f f  th e  w a l ls ,  causing  an  
e f f e c t iv e  in c re ase  in  th e  p a th  len g th  over a tube of equal le n g th  o f 
o th e r  m a te r ia ls  (^ 8 ) . Thus, to  employ a non-flam e source o f a to m i­
z a tio n  and a q u a r tz  tu b e , th e  o p e ra tin g  tem pera tu re  must o b v io u sly  
be lower than th e  s o f te n in g  p o in t  o f q u a r tz ,  which i s  app rox im ate ly  
1665°0 (Ii9).
To so lv e  th e se  problem s, a new, novel approach to  a tom i­
z a t io n  i s  proposed . W hile the  methods d e sc rib e d  above involve 
therm al re d u c tio n  to  n e u tr a l  a tom s, we propose to  employ h o t carbon  
and carbon monoxide as th e  reduc ing  a g en t. I t  i s  suggested th a t  i f  
a  slow moving a i r  s tream  i s  passed  over carbon  rods which a re  h e a te d  
to  about 1100 -  1200°C, th e  fo llo w in g  w i l l  tak e  p la c e :
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a t  1000 - 1200°C,
carbon + oxygen  carbon  d iox ide  + carbon  monoxide
and
carbon  d io x id e  + ca rb o n— - » carbon monoxide
th a t  i s ,  th a t  a l l  the oxygen r e a c t s  w ith  carbon to  form carbon 
monoxide. I t  has been shown th a t  r e a c t io n  between C and 0^ a t  
tem p era tu res  above 1000°C y ie ld s  a lm ost 100$ CO (5 1 ).
We then  suggest t h a t  any m etal compounds p re s e n t  w i l l  r e ­
a c t  w ith  th e  h o t ,  e n e rg e tic  carbon  monoxide and ground s t a t e  n e u tra l  
atoms w i l l  be produced. These atoms w i l l  then  pass in to  a long 
q u a rtz  tube through which l i g h t  from  a hollow  cathode lamp w i l l  be 
p a ssed . The atoms w i l l  abso rb  t h e i r  re so n a n t r a d ia t io n  and thus 
t h e i r  q u a n t i t a t iv e  d e te rm in a tio n  i s  accom plished .
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I I .  DESCRIPTION OF EXPERIMENTAL CONDITIONS
A. DESCRIPTION OF THE EQUIPMENT
The d a ta  re p o r te d  in  t h i s  in v e s t ig a t io n  were c o l le c te d  w ith  
in s tru m e n ta tio n  which was assem bled in  our la b o ra to ry ,  th e re  being  
no commercial equipm ent s u i ta b le  fo r  our p u rp o ses . F ig u re  1 shows 
a b lo ck  diagram  of th e  a p p a ra tu s .
Monochromator — The o p tic s  of a Beckman model DU s p e c tro ­
photom eter w ith  the  lamp power su p p ly , a m p lif ie r  and pho to tube  r e ­
moved. A Beckman s p e c t r a l  energy  reco rd in g  ad ap to r was used to  ob­
t a i n  w aveleng th  sc a n s .
R a d ia tio n  D e tec to r  - - A n  RCA 1P28 p h o to m u lt ip l ie r  tube was
\
used  fo r  d e te c t io n  o f l i g h t .
A m p lifie r  — A Aminco D C -pho tom ultip lie r m icrophotom eter 
a m p lif ie r  from the  American In stru m en t Co. was used fo r  a m p lif ic a ­
t io n  o f  photo c u r r e n ts .
R ecorder — The d is p la y  o f a b so rp tio n  s ig n a ls  was perform ed 
on a  Beckman 10 in .  s t r i p  c h a r t  re c o rd e r . T his re c o rd e r  had m u lt i­
r a n g e , m u lt i - in p u t  v o lta g e  and l in e a r - lo g  f e a tu r e s .  The a b so rp tio n  
s ig n a ls  cou ld  be expanded on a Beckman sc a le  expander a cc esso ry  de­
sig n ed  fo r  t h e i r  atom ic a b so rp tio n  equipm ent.
The power supp ly  fo r  the  hollow cathode lamp was a J a r r e l -  
Ash c u r r e n t  r e g u la te d  DC so u rc e , capable  of d e l iv e r in g  0 to  50 m i l l i -  
am peres. A 10 l i t e r /m in .  vacuum pump from Welch Co. was used fo r  
e v a c u a tio n  o f  th e  dem ountable l i g h t  source fo r  th e  h e a t in g  o f  the
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g ra p h i te  r o d s ,  a 5000 w a t t  r a d io  frequency g e n e ra to r  from L ep e l,  In c .  
was employed.
Tanks of compressed a i r  and argon  were ob ta in ed  from lo c a l  
s o u rc e s .  The tank r e g u la to r s  were Matheson double  s ta g e  gas r e g u la ­
t o r s .  C on tro l o f  gas flows was done v i a  ro to m e te rs  w i th  sp inn ing  
f l o a t s  from F ish e r  and P o r t e r  Co.
Q uartz  tub ing  f o r  the  c o n s t ru c t io n  o f  a b s o rp t io n  tubes.w as 
o b ta in e d  from General E l e c t r i c  Co. The o p t i c a l  bench fo r  the su pport 
o f  the  a b so rp t io n  tu b e ,  l i g h t  source and fo cu s in g  le n s e s  was a  one 
m e te r ,  m il le d  s t e e l ,  t r i a n g u la r  r a i l  from E a l in g  O p t ic a l  Co. The 
q u a r tz  le n s e s  were gen ero u s ly  donated by J a r r e l -A s h  C o .;  one 50 rora 
p lano-cpnvex  and one 100 mm double convex l e n s .  The compressor fo r  
g a th e r in g  a i r  samples was a 5 CHF diaphragm compressor from S ears  and 
Roebuck, In c .  The assem bly o f  th is  a p p a ra tu s  i s  now d e sc r ib e d .
B. CONSTRUCTION OF EQUIPMENT
1 .  Demountable Hollow Cathode Lamp
The use  of hollow  cathode lamps a s  l i g h t  sou rces  was
f i r s t  d e sc r ib e d  by Paschen (5 2 ). Walsh has shown t h a t  s e a le d .-o f f
lamps a re  e x c e l l e n t  sou rces  f o r  atomic a b s o rp t io n  sp ec troscopy  (55 )* 
However, th e se  lamps have l im i ta t io n s  which r e s t r i c t  t h e i r  u se fu l  
l i f e t i m e  and i n t e n s i t y .
F i r s t ,  s in c e  they a re  s e a le d . ,  they  a re  su b je c t  to  
le a k a g e .  This f a c t o r  a lone  l im i t s  t h e i r  u s e f u l  l i f e t i m e .  As a i r
le a k s  in to  the  lamp, the p re s su re  in s id e  goes up. This in c re a se  in
p re s s u re  changes the mean f r e e  path t r a v e le d  by th e  bombarding c a r r i e r
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gas ions which in  t u r n  causes a d ec rease  i n  i n te n s i ty  o£ s p e c t r a l  
o u tp u t .
Second , the i n t e n s i t y  o f  th e se  lamps is  f a i r l y  weak. 
T h ird ,  a t  high lamp c u r r e n t s ,  the se a le d  lamps tend to s u f f e r  s e l f -  
a b so rp t io n  of th e  re s o n a n t  l in e s  o f  the elem ent being employed. This 
i s  caused by th e  p ro d u c t io n  a t  h ig h e r  c u r r e n t s  of a cloud o f atoms in  
f r o n t  of the ca tho de  element due to  s p u t t e r in g .  These s p u t te r e d  
atoms can absorb th e  re so n an t  r a d i a t i o n  be in g  produced in s id e  the  
cathode chamber.
F o u r th ,  the sea led  lamps a l s o  s u f f e r  from c a r r i e r  gas 
c le an -u p . This phenomenon i s  caused by the  trapp ing  of c a r r i e r  gas
p a r t i c l e s  by s p u t t e r e d  atoms from the  cathode on the w a l ls  o f  the
\
c o n ta in e r .  This cau ses  a decrease  in  lamp p re ssu re  and w i l l  even­
t u a l l y  cause the  f a i l u r e  o f the lamp.
There  a re  se v e ra l  methods o f  improving th e  l i f e  and 
performance of th e s e  lamps. F i r s t ,  as Walsh has po in ted  o u t ,  i f  the 
p h y s ic a l  s iz e  o f  th e  lamp chamber i s  in c re a s e d ,  the  l i f e t i m e  o f  the  
lamp w i l l  in c re a se  a c c o rd in g ly  (5^ ) .
A c co rd in g ly ,  i f  th e re  were an un lim ited  supp ly  o f  
c a r r i e r  gas, c le a n -u p  would no t p re s e n t  a problem. One method o f  
overcoming th i s  problem  i s  to  use a  con tinuous flow of c a r r i e r  gas .  
C on struc tion  o f lamps of t h i s  type has p re v io u s ly  been r e p o r te d  by 
t h i s  lab o ra to ry  (55)* Other workers have in v e s t ig a te d  th e  perform ance 
o f  demountable lamps and found them to  be comparable, i f  n o t  su p e r io r
to  the  s e a le d -o ff  v a r i e t y  (5 6 , 57* 58> 59 > 6 0 , 61, 62 ).
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a . C o n s tru c t io n  of Lamp
A schem atic  diagram of the lamp c o n s tru c ted  fo r  
t h i s  re s e a rc h  is  shown i n  F ig u re  2 .  The body o f  the lamp was made 
from g la s s  tubing 60 mm o .d .  and 2 mm w all  th ic k n e s s .  The len g th  o f  
the lamp case  was 260 mm. The 60 mm q u a r tz  window was a f ix e d  on th e  
f r o n t ,  which was ground fo r  f l a t n e s s ,  by a low vapor p ressu re  epoxy 
r e s i n  from Varian A s s o c ia te s .  This epoxy was found to be e x c e l l e n t  
fo r  lamp c o n s t ru c t io n  and d id  n o t d e t e r i o r a t e  d u rin g  the  course  o f  
our in v e s t ig a t io n s  which took p lace  over a th re e  year  p e r io d .
A f te r  cementing the  window on w ith  epoxy, a 
c o a t in g  o f  S e a l i t  was a p p l i e d .  S e a l i t  i s  a s o lu t io n  of tygon t h a t  i s  
commonly used fo r  e l e c t r i c a l  i n s u l a t i o n .  This m a te r ia l  was u s e fu l  
in  f i l l i n g  any minute c rack s  o r h o les  in  the  vacuum system. The 
vacuum and gas p o r ts  were o u te r  T s ta n d a rd  ta p e r  ground g la s s  
j o i n t s .  The cathode assembly was in trodu ced  v ia  a T o - r in g  g la s s  
j o i n t .  This o - r in g  j o i n t  was found to  be f a r  s u p e r io r  in  vacuum 
systems th an  the o rd in a ry  g la s s  j o i n t s .
The usage o f t h i s  j o i n t  made the  demounting and 
cathode elem ent rep lacem ent a  simple t a s k .  The cathode and anode 
elements a r e  shown in  d e t a i l  in  F igu re  3* The m a te r ia l  of c o n s t ru c ­
t io n  was s t a i n l e s s  s t e e l .  T h is  metal was chosen f o r  d u r a b i l i t y  and 
ease of c o n s t ru c t io n .  The b a l l  f i t t i n g s  were machined to  a s ta n d a rd  
ta p e r  and c u t  w ith  a groove to  accomodate a oeoprene rubber o - r in g .
t
The s h a f t s  of the e le c t r o d e s  and the  base o f  the cathode were th readed  
w ith  a 6-32 th rea d .  This a llow s the  r a p id  change of element le n g th  
and o r i e n t a t i o n .  The s h a f t  o f  the cathode was covered w ith  1 /8  i n .
Ik
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Diagram of Cathode and Anode Elements
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te f lo n  tu b in g  to  p rov ide  e l e c t r i c a l  i n s u l a t i o n .  The len g th  o f  the  
cathode elem ent was 160 mm and the anode s h a f t  was ^0 mm. The hollow 
cathode was machined to  the fo llo w in g  s p e c i f i c a t io n s :  le n g th  - 1 in .  j
d iam eter - 1 /2  i n . ;  w a l l  th ick n ess  - 1 /1 6  i n . ;  threaded s tu d  - 1 /lf in .  
by 1/ k  i n .
The g re a t  advantage to  the use of t h i s  typ e  o f  
element i n s e r t i o n  i s  t h a t  the leakage r a t e  i s  c o n s ta n t .  A l l  vacuum 
system s, r e g a r d le s s  of s o p h i s t i c a t io n ,  le a k  to some e x te n t .  The 
sea led  lamps have s p e c ia l  g la s s  s e a ls  which are  su b je c t  to  c ra c k in g ,  
g iv ing  r i s e  to  a changing p re s s u re .  The o - r in g  element s e a l s  have a 
f a i r l y  c o n s ta n t  r a t e  o f  leakage . The p re s su re  can th e r e f o re  be con­
t r o l l e d  ^by a s te ad y  pumping r a t e  which s t e a d i ly  removes the  le a k in g  
gas. In  th e  demountable lamp, the  flow o f  c a r r i e r  gas i s  much g r e a te r  
than the  le a k  r a t e  a t  a  c o n s ta n t  pumping speed.
The vacuum system f o r  o p e ra tion  o f  th e ’ lamp i s  
shown in  F ig u re  k.  The use of a m anifold allow s the lamp to  be 
d ism antled  w ith o u t  l e t t i n g  a i r  in to  th e  system. The b e s t  o p e ra t io n  
of the vacuum system was ob ta in ed  when the  pump was run  c o n tin u o u s ly  
n igh t  and day. During the  course  of t h i s  in v e s t ig a t io n ,  the  vacuum 
pump ra n  c o n tin u o u s ly  f o r  many months w ith  a normal p re s su re  i n  the  
manifold of l e s s  than  10 m icrons. Readings of p ressu re  were made 
w ith  a M cleod-type m e r c u r y - f i l le d  manometer.
b. O pera tion  o f Lamp
The c a r r i e r  gas employed was argon. In  o p e r a t io n ,  
a demand flow r e g u l a to r  was used which would d e l iv e r  from 0 to  j 60 mm 
Hg p re s su re  to  the  system  from the  tank  o f compressed argon . To
FIGURE k






determ ine  the  optimum argon p re s su re  fo r  o p e ra t io n  of the lamp, a 
cathode e lem ent was loaded w ith  p e l l e t s  of le a d  metal and the lamp 
evacuated .
The e f f e c t  o f p re s su re  on lamp s ig n a l  i s  shown in  
F igu re  5 . As the p l o t  o f  s ig n a l  v s ,  p re s su re  i n d ic a t e s ,  the b e s t  
s ig n a l  i s  o b ta in ed  when the argon p re s su re  in  the lamp i s  between 
0 .7 0  and 0 .9 0  mm Hg.
This sharp  dependence upon p ressu re  j u s t i f i e d  the  
use o f demountable lamps. As the  p re s su re  in  the lamp r o s e ,  the  i n ­
t e n s i t y  of th e  s ig n a l  f e l l  o f f  r a p id ly .  I f  t h i s  were a se a le d  lamp, 
n o th in g  could  be done to  a l t e r  the  e f f e c t  o f a i r  leakage in to  the  
lamp and the  subsequen t lo s s  o f s ig n a l .  This problem does no t occur 
w ith  the  demountable lamp.
One problem which occured w ith  the c o n s t ru c te d  
lamp was t h a t  o f  s ig n a l  v a r i a t i o n s  over ex tended p e riods  o f tim e.
F igu re  6 shows the  s ig n a l  from the  lamp over a  25 minute p e r io d .  The 
v a r i a t i o n  was about 2$. Changes in  p re s su re  and c u r re n t  d id  n o t  r e ­
move t h i s  v a r i a t i o n .  Various elem ent rearrangem ents  were s tu d ie d  and 
one was found e f f e c t i v e  in  s t a b i l i z i n g  the  s i g n a l .  F igure  7 shows t h i s  
elem ent m o d if ic a t io n .
W ithout the  m o d if ic a t io n ,  the ions a c c e le r a te d  
toward the  cathode elem ent can s t r i k e  the o u ts id e  o f  the  cathode e l e ­
ment a t  v a r io u s  s p o t s ,  depending upon the lo c a l i z e d  r e s i s t a n c e .  As 
t h i s  l o c a l i z e d  r e s i s t a n c e  can vary  w ith  the degree of o x id a t io n ,  e t c . ,  
the  d isc h a rg e  from the  anode may s t r i k e  the  cathode a t  v a ry in g  p o i n t s .
T h e re fo re ,  a  s h o r t  p ie c e  o f  pyrex g la s s  tub ing  
was s l ip p e d  over the  cathode elem ent and was r e t a in e d  by a c i r c u l a r
22
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p iece  o f t e f lo n .  This g la s s  s h i e ld  channeled the  argon  ions produced 
a t  th e  anode and caused them to  s t r i k e  only the  in s id e  of the  cathode 
e lem ent. The g la s s  sh ie ld  p re v e n ts  any d isch arg e  from the  s id e s  of 
the  cathode  elem ent.
Another f a v o ra b le  e f f e c t  of the channe lin g  of argon 
atoms in to  the  cathode c e n te r  was t h a t  no c u r r e n t  i s  w asted  on non­
lead  s u r f a c e s .  A ll  of the  d isc h a rg e  was focused in to  the chamber 
where more atoms a re  s p u t te r e d  and e x c i te d  per u n i t  o f  ion  c u r re n t .
This m o d if ic a t io n  a llow s an in c r e a s e  in  i n t e n s i t y  of the  lead  em ission 
a t  2833^ by approxim ately  100$. F ig u re  8 shows the  performance o f the 
m odified  lamp over a 80 min. tim e p e r io d .  The s l i g h t  d r i f t  of the 
curve i s  w e l l  w i th in  the d r i f t  o f  the  DC a m p l i f i e r .
F igure  9 shows the change in  i n t e n s i t y  w ith  lamp 
c u r r e n t .  At the low c u r re n t  v a lu e s ,  the  i n t e n s i t y  in c re a s e s  alm ost 
l i n e a r l y  and a t  h ig h e r  v a lu es  the  r a t e  o f change of i n t e n s i t y  drops 
o f f ,  fo l lo w in g  a curved p l o t .  The o p e ra t in g  v o l ta g e  o f  th e  lamp 
v a r ie d  from 230 to  375 v o l t s ,  depending on the  c u r r e n t  s e l e c te d .
2. Quartz A bsorp tion  Tube
A long a b s o rp t io n  tube was employed to  m a in ta in  the
atoms in  the  l i g h t  pa th  fo r  an extended p e r io d .  K oirtyohann has shown 
th a t  a b so rp t io n  by lead  atoms in c re a s e s  in  a b so rp t io n  tubes up to  a 
le n g th  o f  about one meter where upon no f u r th e r  advantage i s  obtained  
w ith  in c re a s in g  le n g th  when a flame a tom izer was used (6 3 ) .  Mislan 
has used h ea ted  q u a rtz  tubes one m eter in  len g th  f o r  the  a n a ly s i s  of 
aquous samples (6^ ) .  In  F ra n ce ,  T h i l l i e z  has used a  q u a r tz  tube of
1050 mm le n g th  f o r  the a n a ly s i s  o f  m eta ls  in  organo le a d  m anufacturing
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p la n ts  by d is c h a rg in g  the  exhaust gases o f  a t o t a l  consumption burner 
in to  the a b s o rp t io n  tube (6 5 ) .
a .  C o n s tru c tio n  of A bso rp tion  Tube
F igure  10 shows the  q u a r tz  tube d e s ig n .  The tube 
had a len g th  o f  680 mm. A p r a c t i c a l  l i m i t a t i o n  on the tube le n g th  was 
the requ irem en t fo r  f i t t i n g  the  tu b e ,  le n s e s  and lamp on a one m eter 
o p t ic a l  r a i l .  The o u ts id e  d iam eter o f  the  tub ing  was 25 mm. The two 
exhaust p o r t s  were o f  10 mm O.D. q u a rtz  s to c k  and 80 mm in  l e n g th .
The s id e  stem was c o n s t ru c te d  from the same 25 mm s tock  and was 400 
mm in  le n g th .
The q u a rtz  windows on the  ends of the  tube were
\
held  in  p lac e  by s p e c i a l l y  c o n s tru c te d  t e f l o n  h o ld e rs .  These h o ld e rs  
were designed  to  s l i p  in s id e  the  tube , causing  a loose f i t .  When in  
o p e ra t io n ,  th e s e  h o ld e r s  would expand due to  i n d i r e c t  h e a t i n g ,  c au s in g  
a snug f i t .  The w a l ls  of these  h o ld e rs  were machined as t h in  as  pos­
s ib l e  in  o rd e r  to  avo id  the  c rack in g  o f  the  tube upon expansion . The 
windows were h e ld  snugly  in s id e  the  h o ld e rs  by t e f lo n  s l i p  r i n g s .
The c o n s t r u c t io n  of the  i n l e t  sample p lug  was very
d i f f i c u l t  and p re s e n te d  one o f  the  b ig g e s t  problems w ith  th e  a b s o rp t io n
tube because th e  a re a  heated  to  approx im ate ly  1200°C was on ly  6 inches 
away. A ttem pts to  use  b ra s s  swegelok g la s s - to -m e ta l  tube co n n ec tin g  
f i t t i n g s  were met w i th  re p e a te d  f a i l u r e .  F in a l ly  a t e f lo n  p lug  was 
designed which would work w ith o u t  c ra ck in g  th e  tube when th e  p lug  ex­
panded .
As w ith  the  window h o ld e r s ,  the w all  th ic k n e s s
pr.oved to be a c r i t i c a l  f a c t o r .  The s u c c e s s fu l  p lug had a  stem  le n g th
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o f  two in ch e s .  The w a ll  th ick n ess  was l e s s  than  1 /16  o f an inch . The 
problems of machining t e f l o n  to th e se  dem insions proved c o n s id e ra b le .
A s t a i n l e s s  s t e e l  tube was imbedded in  the  t e f l o n  base of the p lug  to  
in tro d u c e  the  a i r  s tream .
b . H eating  of the  A bso rp tion  Tube
F igu re  11 shows th e  arrangem ent o f  th e  h e a t in g
e lem en ts .  The len g th  o f the  a b so rp t io n  tube was hea ted  by two wound
r e s i s t a n c e  w ire  e lem en ts . Number 22 nichrome w ire  was wound around 
the  tu b e ,  from the  exhaust p o r t  to  the  s id e -s te rn  on each end o f the 
tu b e .  The r e s i s t a n c e  of these  c o i l s  was ap prox im ate ly  11 ohms each .
A v a r i a b le  AC power supp ly  was used fo r  each of 
th e se  u n i t s .  They were u s u a l ly  opera ted  a t  90-100 v o l t s ,  g iv in g  a 
w a ttag e  o f  around 1000 W fo r  each h e a te r  u n i t .  The maximum s a fe  
o p e ra t in g  tem pera tu res  o f th ese  h e a te r s  was between 600-800°C. Above 
t h i s  tem p era tu re ,  the  r e s i s t a n c e  w ire  tended to  r a p id ly  o x id iz e  and 
burn  o u t .  The w ire  tu rn s  on the tube were h e ld  a p a r t  by a sb e s to s  
s t r i n g  and th e  e n t i r e  le n g th  of the  tube was wrapped w ith  s e v e ra l
la y e r s  o f  h igh  tem pera tu re  a sb e s to s  p a p e r .  These h e a te r s  caused many
headaches due to  elem ent o x id a t io n  and f a i l u r e .  Lower tem pera tu res  
than  d e s i r a b l e  were a compromise to  th ese  problem s.
The h e a r t  of the a p p a ra tu s  was the  s ide -s te rn  
which c o n ta in ed  the  g ra p h i te  r o d s . The h e a t in g  o f  the  rods  by ra d io  
frequency  in d u c t io n  was a r a d i c a l  change from any o th e r  method p re ­
v io u s ly  employed fo r  a tom izer  d e s ig n . In d u c t io n  h e a t in g  i s  based 
upon the  fo llow ing  p r i n c i p l e .  When a l t e r n a t i n g  c u r r e n t  flows in  a 
c o i l ,  a c u r r e n t  in  o p p o s i t io n  is  induced. The r e s i s t a n c e  o f f e re d  by
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the  carbon rods to the flow of the  induced c u r r e n t  produces h e a t  in  the  
rods p ro p o r t io n a l  to th e  e l e c t r i c a l  r e s i s t i v i t y  o f  the  rods  and to  th e  
square  of the c u r re n t  flow ing  (6 6 ) .  Thus, the g ra p h i te  rods were h e a t ­
ed by in d u c t io n .
This method o f f e r s  many ad van tages . F i r s t ,  the 
maximum o p e ra t in g  tem pera tu re  may be achieved r a p i d l y ,  w ith o u t  w a i t ­
ing  long time p e riods  fo r  e q u i l ib r iu m  to  be reached  as w ith  conven tion­
a l  fu rn a c e s .  Second, e la b o ra te  i n s u l a t i o n  i s  n o t  n e c e s sa ry .  The bu lk  
of the  energy goes to  h e a t in g  th e  rods  and no t to  fu rnace  w a lls  which 
u s u a l ly  have a h igh  h e a t  c a p a c i ty .  A th i r d  advantage i s  t h a t  th e re  
a re  no h e a t in g  elements to burn o r  s h o r t  o u t .
The in d u c t io n  c o i l  was c o n s tru c te d  o f  3/16" O.D. 
copper tub in g . Water was c o n tin u o u s ly  passed through th e  copper c o i l  
fo r  co o lin g  purposes. The most e f f i c i e n t  c o i l  f o r  use w ith  the 2-8 
megacycle, JOOQ Watt RF g e n e ra to r  proved to  be one o f seven tu rn s .
The c o i l  was $ji i n .  in  le n g th  w i th  e q u a l ly  spaced t u r n s .  The number 
o f  c o i l s  u sa b le  i s  dependent upon th e  o p e ra t in g  frequency  o f the 
g e n e r a to r .
The s e v e n - tu rn  c o i l  gave the b e s t  inductance  match 
w ith  the  lo ad ing  c o i l  o f  the  g e n e r a to r .  A ttempts were made to use 
lo n g er  c o i l s  in  order to  h e a t  lo n g e r  g ra p h i te  ro d s ,  however, these 
c o i l s  could n o t  supply s u f f i c i e n t  energy to  the  ro d s .  T h ere fo re ,  a 
compromise len g th  of 4 inches was reached  fo r  the le n g th  o f the g ra ­
p h i te  ro d s .  These rods could  be h e a te d  to  n e a r ly  w h ite  h e a t  e q u iv a le n t  
to  tem pera tu res  around 1200-1400°C.
3 . Gas Sampling System
I n  o rd er  to  in trodu ce  a i r  samples in to  the  a b s o rp t io n  
tube , a system  o f  va lues  and tub ing  was r e q u i r e d .  The fo rm ation  o f  
th i s  system was ve ry  im portan t  s in c e  the l e v e l s  of c o n c e n tra t io n  a t  
which the in s t ru m e n t  would o pe ra te  a re  very  low. T h i l l ie z  has r e ­
ported  t h a t  the  use  of tygon or rubber tub ing  must be avoided s in c e  
these  tend to  -slowly absorb  lead  ( 6 j ) .  This was in v e s t ig a te d  and 
found to  be t r u e .  A lso , a t tem p ts  were made to  use copper tu b in g  f o r  
sample co n d uc tion  in to  the  a b s o rp t io n .  The copper tends to  a i r  o x i ­
d ize  e a s i l y ,  form ing the  c h a r a c t e r i s t i c  g reen  ox ide . The system  which 
was found to  be s a t i s f a c t o r y  i s  shown in  F ig u re  12.
a .  C o n s tru c t io n  of Flow System
The a p p a ra tu s  was c o n s t ru c te d  e n t i r e ly  o f  g l a s s ,  
t e f l o n ,  - nd s t a i n l e s s  s t e e l .  The stopcocks used  were 2 mm, s t r a i g h t  
bore g l a s s .  The body o f  the  system was c o n s tru c te d  in  5 p a r t s .
These p a r t s  were connected to g e th e r  by s ta n d a rd  ta p e r ,  ^  b a l l  and 
so cke t g la s s  j o i n t s .  This arrangem ent was found to be very  fa v o ra b le  
fo r  the ease  of i n s e r t i n g  and removing s c ru b b e rs ,  flow m ete rs ,  e t c .
The range of the inlet flow meter was from 0 to 
40 liters/m in. The range of the sample flow meter in the second 
section was 0 to 1.5 liters/m in. Each of these rotometers u tilized  a 
spinning float and allowed accurate readings to be taken. Precali­
brated flow vs. tube reading charts from the manufacturer were avail­
able. The standard injection section was a t-shaped tube into which 
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j o i n t  and tub in g  le a d in g  in to  the a b so rp t io n  were c o n s tru c te d  o f  
s t a i n l e s s  s t e e l  and a s h o r t  p iece  o f  t e f l o n  tub ing  to a llow  f l e x i ­
b i l i t y  f o r  rem oval.
b . O pera tion  o f the System
In  o p e ra t io n ,  a i r  was con tinuously  passed  through 
the  system and vented  v i a  one of the  sc rub ber  p o r t s .  This was done 
to  p rev e n t  any a i r  from s ta g n a t in g  in  the  system. A compressed a i r  
tank  was r o u t in e ly  employed throughout the  in v e s t ig a t io n  as  the 
source o f  sample. F a c i l i t i e s  were a ls o  a v a i la b le  fo r  the in t r o d u c t io n  
o f  a i r  from the  l a b o ra to ry  atmosphere v i a  a small diaphragm pump.
When compounds to  be in v e s t ig a te d  were in trod uced  w ith  th e  m o to r-d r iv en  
s y r in g e ,  the flow of i n l e t  a i r  was u s u a l ly  in  the order of 20 l i t e r s /  
min. This l a rg e  flow was employed to  a s s u re  r a p id  e v ap o ra t io n  o f  
sample. The g r e a t  bu lk  o f th i s  a i r  s tream  was d iscarded  by v e n t in g  
through the  by p a s s - tu b e  and a llow ing  a i r  flows in  the range o f  0 to 
2 l i t e r s / m i n .  to  pass through the  sample flow meter and on in to  th e  
a b so rp t io n  tu be .
4 . O p tica l  System
The o p t i c a l  arrangem ent i s  shown in  Figure 13. The 
r a d i a t i o n  from the  hollow  cathode lamp i s  condensed and d i r e c te d  in to  
the a b s o rp t io n  tube by means of a  100 mm fo c a l  len g th ,  double convex 
q u a rtz  le n s  o f  50 111111 in  d iam e te r .  Once in s id e  the  tube , the  l i g h t  i s  
r e f l e c t e d  s e v e ra l  times from the w a l ls  o f  the  q u a rtz  a b so rp t io n  tube 
and i s  focused onto the  s l i t  o f  the  monochromator by a 50 ram fo c a l  
l e n g th ,  planoconvex q u a r tz  len s  having a d iam eter of 50 mm. The
FIGURE







d is ta n c e  between the  le n s e s  i s  730 mm.
5. E xhaust System
A means o£ gas removal was necessa ry  s in ce  carbon 
monoxide was produced by the  g ra p h i te  rod  a tom ize r .  The ex haust  
p o r ts  shown in  F ig u re  10 ven ted  the gases from the a b so rp t io n  tu b e .  
Two rubb er  tubes were f i t t e d  over th ese  p o r t s  and passed over head 
to an o ld  s u c t io n - ty p e  vacuum c le a n e r .  The vacuum c le an e r  then  
could be exhausted  in to  the  l a b o ra to ry  fume hood system o r  ven ted  
out the window.
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I I I .  RESULTS AND DISCUSSION
A. DETERMINATION OF OPERATING PARAMETERS
1 .  O pera tion  o f Equipment
a .  H eating of s id e  arm w ith  carbon rods
The experim en ta l  appara tus  p re v io u s ly  d e sc r ib e d  
was c o n s t ru c te d  and assem bled. The o p e ra t in g  c o n d it io n s  were then  
in v e s t i g a t e d .  F i r s t ,  10 g ra p h i te  ro ds  3 /16 in .  d iam ete r  were c u t  
in to  s e c t io n s  o f  ^ in .  l e n g th .  This was the maximum number o f  rods 
t h a t  co u ld  be i n s t a l l e d  in to  the  s id e  stem of the a b s o rp t io n  tube .
The rods^ were h e a ted  to  about 1200°C which was a lm ost w h i t e - h o t  
h e a t .  F u r th e r  s tu d ie s  o f  tem pera tu re  w i l l  be described  l a t e r .
b .  H eating  o f A bso rp tion  Tube
The a b so rp t io n  tube was heated w ith  e l e c t r i c a l  
r e s i s t a n c e  w ire  u s in g  approxim ate ly  90 v o l t s  AC. This h e a te d  the 
long a b s o rp t io n  tube to  b r ig h t - r e d  h e a t .  The h e a te r s  were u s u a l ly  
tu rn ed  on s e v e r a l  hours p r i o r  to  o p e ra t io n  o f system to  a l lo w  t h e i r  
therm al e q u i l ib r iu m .
c .  In t ro d u c t io n  o f  a i r  samples
Most i n v e s t i g a t i o n  was performed w ith  compressed 
a i r  as the  sam ple. The tank  r e g u l a to r  was ad ju s ted  to  app rox im ate ly  
20 l b . / i n . 2 . The passage o f  a i r  was then  conducted through the  i n l e t  
ro to m e te r ,  a l lo w in g  the  a c c u ra te  measurement of a i r  flow r a t e .  From
t h i s  p o in t ,  s e v e ra l  pa ths  to the a b s o rp t io n  tube was p o s s ib le .  The 
a i r  could  be d i r e c t l y  vented in to  th e  tu b e ;  passed through the  in ­
j e c t i o n  chamber; passed  through a i r  sc rubb ing  a p p a ra tu s ,  o r any 
com bination o£ th e s e .
d . In t ro d u c t io n  o f  S tandards
To c a l ib r a t e  th e  v a lu e s  o f  a b s o rp t io n ,  known 
amount of t e t r a e t h y l  lead  (TEL) were in je c t e d  in to  the  a i r  s tream  
v ia  a m o to r-d riven  s y r in g e .  In to  a f a s t  flow ing  a i r  s tream  o f  20 
l i t e r s ' /m in ,  TEL was slowly in je c t e d .  The bu lk  o f t h i s  a i r  s tream  was 
then  d isca rd ed  through th e  by-pass tube  p re v io u s ly  d iscu ssed  in  
F ig u re  13 and a flow o f  approxim ate ly  1 l i t e r / m i n .  was passed in to  
the  a tom izer  and a b s o rp t io n  tube . T h is  techn ique  w i l l  be d iscu ssed  
in  d e t a i l  in  l a t e r  s e c t io n s  a long w i th  o th e r  methods of s t a n d a r d i ­
z a t io n .
e .  D isp lay  of Data
The a b so rp t io n  s ig n a l s  were d isp lay e d  on a s t r i p  
c h a r t  r e c o rd e r .  A bso rp tio n  could a l s o  be rea d  from th e  meter on the 
a m p l i f i e r .  Expansion of a b so rp t io n  s ig n a l s  was p o s s ib le  by use  of 
a  Beckman sc a le  expansion  acc esso ry .  Expansions of 2 ,  5> and 10 
times were p o s s ib le .
f . E l e c t r i c a l  Problems
In  the  o p e ra t io n  o f  the  in s t ru m e n t ,  severe  
e l e c t r i c a l  problems were encoun tered . The R F -genera to r r a d ia te d  a 
s t ro n g  e le c tro m ag n e tic  f i e l d  around th e  equipm ent. This caused
1*8
e r r a t i c  s ig n a ls  in  the a m p l i f i e r .  A lso , a l l  of the m etal fram ing , 
in s trum en t c a b i n e t s ,  p h o to m u l t ip l ie r  hou s in g , and o p t ic a l  r a i l i n g  was 
s e n s i t iv e  to  to uch , causing  d e f l e c t io n s  on the  r e c o rd e r .  This p ro ­
blem was f i n a l l y  overcome by grounding every  p iece  of equipment in  
the l a b o r a to r y .  A l l  e l e c t r i c a l  w ir in g  re q u ire d  sh ie ld e d  c a b le .  The 
sc a le  expander proved to  be most s e n s i t i v e  to  th is  problem. Complete 
i s o l a t i o n  of t h i s  acc esso ry  was n o t  p o s s ib le ,  however, en cas in g  i t  in  
aluminum f o i l  and grounding the  f o i l  case  minimized the e f f e c t .
g . Lead Im p u r i t ie s  on the  G raphite  Rods
The i n i t i a l  o p e ra t io n  o f the assembled equipment 
d e sc r ib ed  in d ic a te d  t h a t  the  sp e c tro sc o p ic  rods being used c o n ta in ed  
le a d .  The e x a c t  amount cou ld  n o t  be de term ined , however e s t im a te s  
could be made. The rods were analyzed by em ission  sp ec tro sco p y .
(1) A na lysis  o f  G raph ite  Rods
A Bausch and Lomb Co. 2 m eter, L i t t ro w - ty p e  
sp ec trog raph  was employed, a long  w ith  a DC a rc  source. Two g ra p h i te  
rods were p laced  in  the  e le c t r o d e  h o ld e r s ,  a DC c u r re n t  of 10 amps 
was a p p lie d  and a d isc h a rg e  a c ro ss  the  e le c t ro d e s  was i n i t i a t e d .  A 
10 x k i n .  g la s s  pho tograph ic  p l a t e  was employed fo r  r a d i a t i o n  de­
t e c t io n .  The p l a t e  was a Kodak, No. lO^aF emulsion which was most 
s e n s i t iv e  in  the  2000-i*000X ran g e . The lead  l in e s  a t  28J3& and i*058X 
were used to  check fo r  the p resence  of l e a d .  A standard  p l a t e  con­
t a in in g  th e s e  l i n e s  was compared to  the developed p l a t e .  A comparison 
o f  these  p l a t e s  in d ic a te d  t h a t  no lead  was p re s e n t  in  the  s p e c t ro ­
scopic  rods be ing  employed fo r  th i s  r e s e a r c h .  The s e n s i t i v i t y  fo r
^9
le a d  by em iss ion  sp ec troscopy  was in  the  range from 1 to  10 ppm (68). 
I t  was concluded th e r e f o r e ,  t h a t  the  amount o f  le a d  on the  g ra p h i te  
rods  was p re s e n t  in  amounts l e s s  than  1 ppm. This r a i s e d  the i n t e r ­
e s t i n g  idea  t h a t  the  developed method might be u s e f u l  fo r  the  a n a ly s is  
o f  s o l id s  fo r  m etals  p re s e n t  in  ve ry  low c o n c e n tr a t io n s .
(2) D e te c t io n  of Lead on the G rap h ite  Rods by 
the  Developed Method
In s p i t e  o f  n o t  d e te c t in g  le a d  by em iss ion  
sp e c tro sc o p y ,  i t s  p resence  was v e r i f i e d  by the  developed method.
F ig u re  13a shows the a b so rp t io n  a t  2833^ caused by p a ss in g  1200 
c c /m in . t of a i r  from two so u rces :  (1) from a compressed tan k ,  (2)
from the atmosphere v i a  the compressor p rev io u s ly  d e s c r ib e d .  To 
con firm  t h a t  the  a b so rp t io n  observed was due to  l e a d ,  a  check o f  the 
no n -abso rb ing  l i n e  a t  2805& i s  a l s o  shown on F igu re  1 3 a . No abso rp ­
t io n  was observed . The p roo f  of le a d  a b so rp t io n  w i l l  be d isc u sse d  
f u r t h e r  in  a l a t e r  s e c t io n .
(a) D u ra tio n  o f  Lead Im p u r i t ie s  on Rods
O bviously , the lead  on th e  rods  must be • 
removed o r suppressed  in  o rder  to  d e te c t  lead  t h a t  i s  in tro d u c e d .  
F ig u re  13b shows a p lo t  o f  a b s o rp t io n  v s .  time a t  2I 70X caused by 
the  con tinuous passage o f  1 .2  l i t e r s / m i n .  of compressed a i r  over the 
g r a p h i te  ro d s .  In  l e s s  than  two h o u rs ,  the  a b so rp t io n  by lead  has 
decreased  g r e a t ly .  Thus, i t  was n ecessa ry  to  p re h e a t  th ese  g ra p h i te  
rods  f o r  two hours p r i o r  to  t h e i r  u s e .
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FIGURE 13a
A bsorp tion  by Lead Im p u r i t ie s
a i r  flow = 1200 cc /m in .
E xperim enta l C onditions
w avelength = 2833^
s l i t  -  0 .1 0  mm
H.C. c u r r e n t  = 25 ma
H.C. p re s su re  = 0 .75  mm 
RF power = 60$
c h a r t  speed = 0 .5  in . /m in .  
g a in  = 0 .0 1
f o r  cu rve : A- a i r  from compressed a i r
B- a i r  from la b o ra to ry  compressor






Absorption by Lead Im p u r i t ie s  on G raph ite  Rods v s . Time
compressed a i r  flow = 1 .2  l i t e r s / m i n .
E xperim enta l C onditions
w avelength = 2170&
s l i t = 0 .2 0  mm
H.C. c u r r e n t = 30 ma
H.C. p re s su re = 0 .75  nun








(b ) U s g  o f  Im p u r i t ie s  as an A n a ly t ic a l
Sample
I t  was d iscov ered  t h a t  the lead  p re s e n t  
on the  g ra p h i te  rods cou ld  be u t i l i z e d  as a sample fo r  the de te rm ina ­
t io n  of v a r io u s  in s t ru m e n ta l  p a ra m e te rs .  F igu re  ll+ shows the  a b so rp ­
t io n  by these  lead  im p u r i t ie s  a t  2833&* These d a ta  were c o l l e c te d  by 
s e t t i n g  the  a i r  flow to  a r a t e  o f  1 .2  l i t e r s / m i n .  and a llow ing  the  a i r
to flow ou t o f  the system through one of the sc ru bber  p o r ts  p re v io u s ly
d e s c r ib e d .  The flow o f  a i r  was then  allowed to  pass  in to  the  ab so rp ­
t io n  tube fo r  a period  o f  two m inutes and the  percen tage  a b so rp t io n  
caused by the lead  im p u r i t ie s  re c o rd e d .  The a i r  flow was then  d iv e r t e d  
o u t the  scrubber p o r t  and two m inutes were allowed to  e lap se  and then  
the  p ro cess  was re p e a te d .  This procedure  of d iv e r t in g  th e  a i r  flow
through the  scrubber p o r t  was employed in  o rd e r  n o t  to  d i s tu r b  the
flow r a t e  of a i r  which was determ ined by the  sample ro tom eter p re ­
v io u s ly  d e sc r ib e d .  This a llow ed the  same flow r a t e  to  be u t i l i z e d  fo r  
the c o l l e c t i o n  of each a b s o rp t io n .  I t  can be seen  from F igure  1^
t h a t  the  ab so rp t io n  by the  le a d  im p u r i t ie s  i s  of a  co n s ta n t  va lue
du rin g  th e  sampling p e r i o d . . This c o n s ta n t  l e v e l  of a b so rp t io n  fo r  
p e r io d ic  use w i l l  allow the  use o f  the  lead  on the  rods as an a n a l y t i ­
c a l  sample in  the  d e te rm in a t io n  o f  param eters  t h a t  a re  dependent on ly
on in s tru m e n ta l  c o n d i t io n s ,  such as s l i t  w id th ,  cho ice  o f a b so rp t io n  
l i n e ,  and o th e r s .  V a r ia b le s  such as optimum flow r a t e  w i l l  have to  
be performed w ith  e x t e r n a l l y  in tro d u ced  samples s in c e  the  removal r a t e  
o f the  le a d  im p u r i t ie s  w i l l  be dependent upon a i r  flow r a t e .
FIGURE 111.
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A bsorp tion  o f  Lead Im purit ie s
compressed a i r  flow = 1000 cc /m in .
Experim ental Conditions
wavelength  = 2855^
s l i t  = 0.10  mm
H.C. c u r r e n t  = 10 ma
H.C. p re s su re  = 0.75 111111
g a in  = 0.01
c h a r t  speed = 0 .5  in ./m in .






2. Optimum O perating  Temperature o f  A bsorp tion  Tube
As p re v io u s ly  d isc u sse d ,  a tem pera tu re  o f around 
1200°C was r e q u ire d  fo r  the  complete combustion o f  carbon w ith  oxygen 
in  the  a i r  to  form carbon monoxide. This s e t  the  minimum tem pera tu re  
o f  o p e ra t io n  o f  the s id e  stem to  1200°C. The n e u t r a l  atoms formed 
i n  the  s id e  arm were swept in to  the  a b s o rp t io n  tu b e .  I f  the l i f e t i m e  
o f  the  n e u t r a l  atoms i s  extended then  they  accum ulate  and cause an 
in c re a s e d  a b so rp t io n  s i g n a l .  This lead s  to  g r e a t e r  a n a l y t i c a l  s e n s i ­
t i v i t y .  The l i f e t i m e  o f  the  n e u tr a l  atoms i s  te rm in a ted  by condensa­
t i o n  on the w a l ls  of the  a b so rp t io n  tu b e ,  o r  by o x id a t io n .  The temp­
e r a t u r e  o f  the  tube a f f e c t s  each o f  th ese  phenomena and must th e r e f o re  
be c o n t r o l l e d .
a .  RF- In d u c t io n  S id e - Stern H ea te r
S tu d ie s  were performed to  determ ine  the  optimum 
o p e ra t in g  tem pera tu re  f o r  th e  g ra p h i te  ro d s .  There was no p h y s ic a l  
means o f  m easuring the tem pera tu re  a t  the  r e q u i r e d  l e v e l s  a v a i la b le  
in  our l a b o r a t o r i e s .  However, based on the c o lo r  o f the  h e a ted  ro d s ,  
th e  tem pera tu re  could be e s t im a te d .  D u l l - r e d  to  re d  h e a t  corresponds 
to  a tem pera tu re  rang ing  from 800 to  900°C and a yellow  to  w h ite  c o lo r  
i s  in  the  range of 11'70 to  lj525°C (6 9 ) .
In the  RF g e n e ra to r  being  u t i l i z e d ,  a measure o f  
the  energy  be ing  t r a n s f e r r e d  to  the  g ra p h i te  rods v ia  in d u c t io n  h e a t ­
ing  cou ld  be o b ta in ed  by n o t in g  th e  p e rcen tag e  power d i a l  s e t t i n g  on 
the  f r o n t  p a n e l .  The d i a l  was c a l ib r a t e d  from zero  to  100$ power 
in p u t .  F igu re  15 shows the  e f f e c t  o f va ry in g  th e  RF power in p u t  on
FIGURE 15
A b so rp tio n  as _a Function  of RF Power
sample — 250 |j,g Pb/m3
Experim ental C ond itions
w avelength  = 2833^
s l i t  = 0 .1 0  mm
H.C. c u r r e n t  = 28 ma
H.C. p re s s u re  = 0 .75  111111 
g a in  = 0 .01  
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the  a b so rp t io n  a t  28y $ .  of lead  from the g ra p h i te  ro d s .
As in d ic a te d ,  the  b e s t  a b so rp t io n  occured  around 
60^, RF power. The drop in  a b so rp t io n  a t  h igh er  power v a lu e s  may be 
due to  e l e c t r i c a l  s a t u r a t i o n  in  the R F -g en e ra to r .
The reason  fo r  t h i s  maximum i s  u n c e r t a in .  A 
p o in t  may have been reached  where in c re a s in g  p l a t e  v o l ta g e  in  the 
tank  c i r c u i t  o f  th e  g e n e ra to r  caused no fu r th e r  in c re a s e  i n  energy 
su p p lied  to  the  g r a p h i t e  ro d s .  Another f a c to r  which may have caused 
the  decrease  observed  was t h a t  a t  a c e r t a i n  RF power, the  r e s i s t a n c e  
o f fe re d  by th e  rods  to  the c u r r e n t  induced by the  RF f i e l d  o f  the  c o i l  
had reached a s te a d y  v a lu e .  As the  tem perature  of the  rods  was in ­
c re a se d ,  t h e i r  r e s i s t a n c e  decreases  and s ince  h e a t in g  by in d u c t io n  is  
p ro p o r t io n a l  to  th e  square  o f the  c u r r e n t  times the r e s i s t a n c e ,  f u r th e r  
change in  power in p u t  causes no in c re a s e  in  o p e ra t in g  tem p era tu re .  
N e v e r th e le s s ,  based  on t h i s  em p ir ica l  d a ta ,  a power s e t t i n g  o f  60$ 
was chosen as  the  most fav o ra b le  fo r  the  re s e a rc h .
b . A bsorp tion  Tube H eate rs
The b e s t  tem pera ture  o f the a b so rp t io n  tube  h e a t ­
e r s  proved to  be th e  maximum o b ta in a b le .  This f a c to r  i s  p ro bab ly  one 
o f  the most s e r io u s  drawbacks of the equipment used . As mentioned 
under equipment o p e ra t io n ,  the  c o n s t r u c t io n  c a p a b i l i t y  o f  t h i s  re se a rc h  
would allow the  o p e ra t io n  o f the r e s i s t a n c e  w ire  h e a te r s  i n  th e  range 
o f  800 to  900°C. The l im i t a t i o n s  imposed w i l l  be d isc u sse d  f u r th e r  
in  fo llow ing s e c t io n s .
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3. Optimum Air Sample Flow Rate
As the a i r  p a sse s  over the h ea ted  g ra p h i te  ro d s ,  
s u f f i c i e n t  time must be allowed fo r  maximum r e a c t io n  o f  oxygen and 
carbon to  form carbon monoxide. I f  the flow of a i r  was too r a p id ,  
c o n s id e ra b le  amounts of u n rea c te d  oxygen may pass through the  h e a t in g  
a r e a .  A lso ,  a f a s t  a i r  flow may have a co o lin g  e f f e c t  on the  heated  
ro d s ,  thus low ering  t h e i r  e f f e c t i v e  o p e ra t in g  tem pera tu re .  Another 
f a c t o r  which may depend upon a i r  flow r a t e  i s  the r e a c t io n  o f  carbon 
monoxide w ith  th e  lead  compounds co n ta in e d  in  the  a i r  sample.
To study these  combined e f f e c t s ,  the fo llo w in g  ex­
perim ent was perform ed. A ir from a compressed tank was m onitored fo r  
flow r a t e  v ia  the  sample ro to m e te r  and passed  in to  the a b so rp t io n  tube . 
The v a r i a t i o n  in  a b so rp t io n  a t  2833& by le a d  w i th  changing flow r a t e  
i s  shown in  F ig u re  16. In t h i s  c a s e ,  the  le a d  im p u r i t ie s  on the rods 
cou ld  no t be used  as the a n a l y t i c a l  sample as  p re v io u s ly  mentioned. 
I n s t e a d ,  a 200 p,g Pb/m3 a i r  sample o b ta in ed  by i n je c t i o n  o f known 
amounts o f t e t r a e t h y l  lead  was employed. This method of sample i n t r o ­
d u c tio n  i s  d isc u sse d  in  d e t a i l  i n  the  n ex t  s e c t io n .
The maximum a b s o rp t io n  was ob ta ined  a t  an a i r  flow r a t e  
o f  1200 cc /m in . .F a s t e r  flow r a t e s  y i e ld  d e c rea s in g  v a lues  o f absorp­
t io n  fo r  the  same a i r  sample c o n c e n t r a t io n .  This e f f e c t  i s  most prob­
ab le  due to  the  incomplete r e a c t i o n  o f  oxygen or lead  or bo th .
k .  Choice of A n a ly t ic a l  Wavelength
Lead has four r e v e r s i b l e  s p e c t r a l  l i n e s  t h a t  have been 
u t i l i z e d  in  atom ic a b so rp t io n  spec trop ho to m etry . The s e n s i t i v i t i e s
FIGURE 16
E f f e c t  o f  A ir  Flow on A bsorp tion
3
sample — 200. M-g/m
Experim ental C ond itions
w avelength = 2833^
s l i t  = 0 .10  mm
gain  = 0 .01
H.C. c u r re n t  = 30 ma
H.C. p re s su re  = 0 .70  mm 
RF power = 60$








of these lines for absorption, in decreasing order is: 2170 , 2833»
2615 and 0̂58$ (?0). The spectrum of the demountable hollow cathode 
lamp constructed for this research in the region of the line at 2833$ 
is  shown in Figure 1 7 .
The strongest line in the spectral region shown was the 
reversible lead line of 2833$. The intensity of this line was su ffi­
cient to allow resonable amplifier gain to be employed. This was im­
portant since electronic noise increases with higher gain settings. 
There was another spectral lime at 2825$ which was not completely 
isolated from the line at 2833$. There also was a band emission over­
lapping the 2833$ line as shown in the spectrum. This band is prob­
ably one of the many hydroxyl band emissions which occur in this 
spectral region. At any rate, any radiation other than that from 
lead w ill not be absorbed and thus, the percentage absorption at 2833$ 
would be accordingly decreased. Also shown on the spectrum is the 
lead resonance line at 2615$. This line was completely separated 
from any other radiation and its  intensity was approximately 1/3 that 
of the line at 2833$. The sharp line at 2803$ was identified as a 
non-absorbing lead line. That is , i t  does not arise from transitions 
between excited states to the ground state. This line , along with the 
arjgon line at 2875$ have proved useful in checking for molecular ab- 
sorption, which w ill be discussed in a later section.
F igure  18 shows the em iss ion  of the  lamp in  the re g io n  
of 2200$. The lead  l i n e  a t  2170$ was w e l l  re so lv e d  from i t s  ne ighbors . 
The s tro n g  l i n e  a t  2205$ was an a*gon l i n e  and the l in e  a t  2176$ was 
u n i d e n t i f i e d .  The 2170$ lead  l in e  was much weaker in  i n t e n s i t y  th an  
the  Pb l i n e  a t  2833$.
FIGURE 17
Spectrum  o f  Hollow Cathode Demountable Lamp
Experim ental C onditions
H.C. c u r r e n t  = 20 ma
H.C. p re s su re  = 0 .J 0  mm
s l i t  = 0 .1 0  mm



















Spectrum of Hollow Cathode Demountable Lamp
Experim ental C ond itions
ga in  = f u l l
s l i t  = 0 .2 0  mm
H.C. p re s su re  = 0 .75  nm1
H.C. c u r re n t  = 30 ma






The a b so rp t io n  a t  the  v a r io u s  lea d  l i n e s  i s  shown in  
F ig u re  I 9 . For these  s tu d ie s ,  the lea d  im p u r i t ie s  on the g ra p h i te  
rods could be u t i l i z e d  as the a n a l y t i c a l  sample s in c e  the source  of 
sample was un im portan t.  The Pb l in e  a t  2I 7O& gave an a b so rp t io n  of 
70$, the Pb l i n e  a t  2833^ y ie ld ed  an a b s o rp t io n  o f  approxim ate ly  30$* 
Thus, the obvious cho ice  fo r  a n a l y t i c a l  w avelength  would be the  l i n e  
a t  2170S. However, due to  i t s  weak i n t e n s i t y ,  a l l  of the a m p l i f ic a -  . 
t i o n  power was n e c e ssa ry  to u t i l i z e  t h i s  l i n e .  Both l in e s  were em­
ployed in  the i n v e s t ig a t io n  and f u r th e r  d is c u s s io n  on t h i s  p o in t  i s  
d e f fe re d  u n t i l  l a t e r .
Also shown in  th i s  F ig u re  i s  a check fo r  a b so rp t io n  
a t  th e  lea d  l in e s  o f 26I 5S and h-058S., and ne ighboring  l in e s  a t  2805S 
and 2I 76S. No a b so rp t io n  by lead  was observed  a t  the re so n an t  wave­
le n g th s  of 2615S and kO^Qii. The absence o f  a b so rp t io n  a t  the  n e ig h ­
bo rin g  l in e s  a t  2805$  and 2176$  o f f e r s  s t ro n g  evidence th a t  the 
a b so rp t io n  a t  2833^  and 2170^  was due to  le a d  in  the  a b so rp t io n  tube 
and n o t  an ex traneous m olecular s p e c ie s .
5 . Optimum S l i t  Width
In atomic a b so rp t io n ,  the lamps used u su a l ly  a re  weak 
in  i n t e n s i t y , .  For t h i s  reason  i t  i s  d e s i r a b l e  to  employ as wide s l i t s  
as p o s s ib le  to  a llow  as much r a d i a t i o n  as  p o s s ib le  to  f a l l  on the  de­
t e c t o r .  The l im i t i n g  f a c to r  i s  the r e s o l u t i o n  re q u ire d  to i s o l a t e  
the  abso rb ing  s p e c t r a l  l i n e  from non-absorb ing  l in e s  in  the spectrum . 
I f  no o th e r  l in e s  a r e  c lo s e  to  the one under in v e s t ig a t i o n ,  the  s l i t s  
may be opened a c c o rd in g ly .  However, i f  a non-absorb ing  l in e  i s  c lo s e  
by, then  opening the  s l i t  w i l l  allow unabsorbed r a d i a t i o n  to  f a l l  on
FIGURE 19
A bsorp tion  of Lead a t  S e le c te d  Wavelengths
sample - -  Lead im purity  from g ra p h i te  rods
Experim ental C onditions
H.C. c u r r e n t
H.C. p re s su re  
a i r  flow 




1 .2  l i t e r / m i n .  
0 .5  in . /m in .  
60$
fo r  cu rve : A- X = 2833S
B- X = 2170&
c -  x = 2615S
D- X = *K)58&
E- X = 2805&
F- X = 2176^
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the  d e t e c t o r ,  causing a d e c re a se  in  p e rc en t  a b s o rp t io n  o f  l i g h t .
For t h i s  r e a s o n ,  a s tudy  was performed to  determine 
the  optimum s l i t  fo r  the  l i n e s  a t  2I 7O& and 2833^* F ig u re  20 shows 
the  a b s o rp t io n  by lead  from the  g ra p h i te  rods change w ith  changing 
s l i t  w id th .  The a b so rp t io n  d e c rea se s  when the s l i t  i s  opened from 
0 .05  mm to  0.20 mm. I t  was found t h a t  the optimum s l i t  w idth fo r  the  
2833^ l i n e  was the n a rro w e s t .  S ince t h i s  l in e  was . f a i r l y  s tro n g , 
s u f f i c i e n t  am p lif ie r  g a in  a llow ed t h i s  s l i t  w id th  to  be u t i l i z e d .
F igu re  21 shows the same s tu d y  fo r  th e  lead  l i n e  a t  2I 7O&. Again, 
the most favo rab le  s l i t  was th e  n a rro w es t.  In  t h i s  c a s e ,  however, 
the weak in te n s i ty  of the  l i n e  would n o t  a llow  the  n a rrow es t  s l i t  to  
be u t i l i z e d  and a compromise w ith  a m p l i f i e r  g a in  d i c t a t e d  the use of 
0 .20  mm. For a mechanical s l i t  w id th  of 0 .20  mm a t  2I 7O&, the s p e c t r a l  
band pass  was to  k angstro m s. The band pass of the 2833^ l in e  a t  
a m echanical s l i t  of 0 .10  mm was 2 .5  to  3*0 angstrom s. These va lues 
were measured by assuming th e  l in e s  to  be very  narrow and slowly 
scanning  over the peak, n o t in g  the range  of w avelength re q u ire d  fo r  
passage o f  the peak.
6 .  Optimum Hollow Cathode Lamp C urren t
One of the  l im i t i n g  f a c to r s  in  the  o p e ra t io n  of sea led  
hollow cathode  lamps i s  th e  c u r r e n t  which can be employed. High 
c u r r e n t s  may have two a d v e rse  e f f e c t s .  One, h igh  c u r r e n t s  can cause 
in c re a sed  s p u t te r in g  of th e  m etal which leads to  q u ick e r  "clean-up" 
of the  lamp. Secondly, th e  l a r g e  c loud  of atoms s p u t te r e d  may absorb 
t h e i r  r e s o n a n t  r a d i a t i o n ,  c a u s in g  the  percen tage  a b s o rp t io n  by the 
sample atoms to decrease .
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FIGURE 20
A bsorp tion  as a F u n c t io n  o f S l i t  Width
sample — Lead im purity  from g ra p h i te  rods
Experim ental C ond itions •
wavelength = 2835^
s l i t  = 0 .1 0  mm
H.C. c u r re n t  = 25 ma
H.C. p ressu re  = 0 .7 0  mm
gain = 0 .0 1
RF power = 60$,
c h a r t  speed = 0 .5  in . /m in .
a i r  flow = 1 .2  l i t e r s / m i n .
f o r  curve: A- 0 .0 5  mm s l i t
B- 0 .075 nun s l i t
C- 0 .1 0  mm s l i t
D- O .I 5 mm s l i t




A bsorp tion  as a  F unc tion  o£ S l i t  Width
sample - -  Lead im purity  from g ra p h i te  rods
Experim ental Conditions
wavelength
s l i t
H.C. c u r r e n t
H.C. p re s su re  
ga in  
RF power 
c h a r t  speed 
a i r  flow
= 2170&
0 .20  mm 
30 ma 
0 .70  mm 
maximum
0 .5  in . /m in .
1 .2  1i t e r s /m in .
f o r  cu rve : A- O .I5 mm s l i t
B- 0 .20 mm s l i t
C- 0.25 mm s l i t












The demountable lamp developed fo r  th i s  re s e a rc h  did 
no t s u f f e r  from these  e f f e c t s .  F igu re  22 shows the e f f e c t  on absorp­
t io n  o f changing lamp c u r r e n t .  Here a g a in ,  lead  im p u r i t ie s  from the 
g ra p h i te  rods was used as th e  a n a l y t i c a l  sample c u r r e n ts  o f 1 0 , 1 5 , 
2 0 , 25 , 30 m ill iam pres  do n o t  s i g n i f i c a n t l y  e f f e c t  the  percen tage  
a b so rp t io n  o f  the same sample. The low va lu e  fo r  the a b so rp t io n  a t  
5 m ill iam peres  i s  i n c o n s i s te n t  w i th  the  expected  r e s u l t  and was due, 
most p ro b ab ly , to  in s tru m e n ta l  e r r o r .
B. DEVELOPMENT OF ANALYTICAL METHOD
1 . Methods o f  C a l ib r a t io n
."The p ro d u c tio n  of an atmosphere o f  p r e c i s e ly  known 
com position  i s  one o f the  most d i f f i c u l t  ta sk s  fa c in g  the a i r  p o l lu ­
t io n  r e s e a r c h e r ,  whether the  atmosphere in q u e s t io n  i s  to  be used to
c a l i b r a t e  an a n a ly t i c a l  in s tru m en t  o r  to  expose t e s t  an im als"  (71 ) .
Dr. James P . Lodge
In  o rder  to  o b ta in  meaningful d a ta  from the i n s t r u ­
mental method thus f a r  developed , a r e l i a b l e  means o f  c a l i b r a t i o n  or
s ta n d a rd iz a t io n  was n e c e ssa ry .  Four methods were in v e s t ig a te d  fo r  
t h i s  purpose .
The f i r s t  invo lved  the  passage of a i r  from a tank
through a gas washing b o t t l e .  The b o t t l e  was f i l l e d  w ith  a  so lu t io n
c o n ta in in g  le a d .  The a i r  was s a tu r a te d  w ith  the  organo lead  compound 
employed and then  passed in to  the  a b so rp t io n  tube .
The second method s tu d ie d  involved  the  p re p a ra t io n  of 
a  volume o f a i r  co n ta in in g  t e t r a e t h y l  lead  vapor. A p o r t io n  of th i s
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FIGURE 22
A bsorp tion  as a F u nc tion  of Lamp C urren t
sample - -  Lead im purity  from g rap h ite  rods
Experim ental C ond itions
wavelength
s l i t
ga in
H.C. p re s su re  
RF power 
c h a r t  speed 








= 0 .0 1  mm
= 0 .01  
= 0.75 
=  60<fo
= 0 .5  in . /m in .




was i n je c t e d  a t  a c o n s ta n t  r a t e  in to  the a b so rp t io n  tube u s in g  a 
m o to r-d r iven  sy r in g e .
The t h i r d  method of s ta n d a rd iz a t io n  u t i l i z e d  a  d i r e c t  
i n j e c t i o n  w ith  the m o to r-d r iven  sy r in g e  of a s o lu t io n  of t e t r a e t h y l  
lead  d i r e c t l y  in to  the  sample a i r  s tream  flowing in to  the a b s o rp t io n  
tube.
The f o u r th  method s tu d ie d  involved the  a p p l i c a t io n  of 
a d i f f u s i o n  c e l l .  T e t r a e th y l  lead  was placed in  a ' s i d e  stem  of the  
d i f f u s i o n  c e l l ,  a i r  was passed through the c e l l  and TEL vapor was 
swept in to  the  a i r  s tream .
a . Passage of A ir through a S o lu t io n  C on ta in ing  Lead
(1) P re p a ra t io n  o f  TEL S a tu ra te d  A ir  Stream
A 5fo by volume s o lu t io n  o f t e t r a e t h y l  lead  
in  to lu e n e  was p rep a red .  The TEL was obtained  from E th y l  C o rp o ra t io n  
of Baton Rouge, L a . ,  and was assumed to  be of 100^ p u r i t y  s in c e  gas 
chrom atographic  a n a ly s i s  y ie ld e d  on ly  one sample peak. The to lu en e  
was o f  r e a g e n t  grade and was no t p u r i f i e d .
Of t h i s  s o lu t io n ,  200 ml was p lac ed  in  a 
gas w ashing tower which was f i t t e d  w ith  a g l a s s - f r i t t e d  stem . The 
b o t t l e  was p laced  in  an ic e -w a te r  m ixture  to  lower the  vapor p re s su re  
o f  the  s o lv e n t  and s o l u t e .  This was done to  avo id  r a p id  sample evapo­
r a t i o n  when th e  a i r  s tream  was bubbled through. The g la s s  f r i t  served 
to  d i s p e r s e  the  a i r  s tream  in to  f in e  bubbles to  a llow  maximum c o n ta c t  
w ith  the s o lu t io n .
Next, compressed a i r  from a tank  was passed
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through the s o lu t io n  a t  the  r a t e  o f  1 .2  l i t e r s / m i n .  This r a t e  of a i r  
sample flow was shown p re v io u s ly  to  g ive  the  maximum percen tage  absorp­
t io n  when passed  through the  a b s o rp t io n  tu b e .  The a i r  s tream  was then 
d i r e c te d  in to  the  a b so rp t io n  tu b e .  An a b so rp t io n  o f  26$ occured . The 
experim enta l c o n d it io n s  a re  l i s t e d  below.
w avelength  = 2833&
s l i t  = 0 .1 0  mm
g a in  = 0 .01
H.C. c u r r e n t  = 25 ma
H.C. p re s s u re  = 0 .70  mm
RF power = 60$
(2 ) C o l le c t io n  o f  Sample from A ir  Stream
In o rd e r  to  determ ine how much TEL vapor was 
con ta in ed  in  th e  a i r  stream , i t  was n e c e ssa ry  to  c o l l e c t  a volume of 
t h i s  a i r  and analyze  i t  fo r  le a d  c o n te n t .  One method fo r  de term in ing  
the TEL vapor c o n te n t  may be c a l c u l a t i o n  o f p a r t i a l  p re s su re s  o f TEL 
over the  s o l u t io n .  T H i l l ie z ,  however, has r e p o r te d  t h a t  t h i s  c a lc u la ­
t io n  w i l l  n o t  g ive  the t ru e  v a lu e  and t h a t  an a c tu a l  a n a ly s i s  o f  the 
a i r  s tream  i s  re q u ire d  (72 ) .
As T h i l l i e z  has r e p o r t e d ,  an e f f i c i e n t  
sc rubbing  ag en t  fo r  lead compounds i s  io d in e  monochloride in  hydro­
c h lo r i c  ac id  s o lu t io n  (72). A cco rd in g ly , 20 grams o f  r e a g e n t  grade 
ICLwas d is so lv e d  in  500 ml o f r e a g e n t  grade HC1 and 250 ml o f  th i s  
s o lu t io n  was p laced  in to  a 500 ml gas washing b o t t l e  and the  a i r  
s tream  c o n ta in in g  the TEL vapor was passed  through a t  the r a t e  o f 5 
l i t e r s / m i n .  A second scrubber i d e n t i c a l  to  the f i r s t  was p laced  in  
s e r i e s  behind th e  f i r s t  to check f o r  any lea d  e scap ing  the f i r s t
scrubber.
This sample collection was allowed to run for 
555*5 min. as timed on a laboratory timer. Thus, a volume of (5 l/m)x 
(555*5 min.), or 2677*5 liters of air was collected and scrubbed. The 
collected sample solution was then poured into a 250 ml volumetric 
flask and sufficient water added to make up for losses by evaporation.
(5) Analysis of Collected Sample by Atomic
Absorption
The analysis for lead of the collected sample 
was performed on a Perkin-Elmer model 305 Atomic Absorption Spectro­
photometer. A lead hollow cathode lamp from Aztec Instruments, Inc. 
was employed as the light source. The experimental conditions of the 
analysis are shown in Table I.
TABLE I
Experim ental C ond itions of A na lysis
air-acetylene flame 
long slot burner 
lamp current = 15 ma
First, a sample of the IC1/HC1 solution 
blank was aspirated into the instrument and no absorption by these 
reagents or present impurities was observed. Next a sample of the 
collected sample was aspirated into the flame and an absorption of 
68$ occured. Aspiration of the solution from the second scrubber gave
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no a b so rp t io n .  A s p ir a t io n  of a 5 M-g/ml s ta n d a rd  gave a 69$ a b s o rp t io n ,  
which was very  c lo s e  to  t h a t  ob ta ined  w ith  the  sample and th u s ,  the  
c o n c e n tra t io n  o f the  c o l l e c t e d  sample was taken  as 5 p,g Pb/ml.
Since the t o t a l  volume o f the sample was 
250 ml, the t o t a l  amount o f  Pb removed from the a i r  was,
250 ml x 5 M-g Pb/ml -  1250 (j,g Pb.
This was the amount of lead  removed from a t o t a l  o f 2677*5 l i t e r s  o f
a i r .  T h e re fo re ,  th e  c o n c e n tra t io n  o f lead  in  the a i r  s tream  was,
1250 n g /2677.5  l i t e r s  or k66 y,g Pb /cubic  meter
Thus, by t h i s  method of s t a n d a r d iz a t io n ,  an
a b so rp t io n ,  a t  the  le a d  resonance  l i n e  of 2833&> of 26^  occured upon
the  passage in to  the  system  of an a i r  s tream  co n ta in in g  k66 |J-g Pb/m3 .
b . P re p a ra t io n  o f  S tandard  A ir  Volumes
(1) P re p a ra t io n  and I n j e c t io n  of A ir  Samples
This method of s t a n d a r d iz a t io n  involved  the  
i n j e c t i o n  of a  sm all sample o f  a TEL s o lu t io n  in to  a f l a s k ,  a llow ing  
t h i s  sample to  com ple te ly  e v a p o ra te ,  and the  in tro d u c t io n  o f  a p o r t io n  
o f  the  a i r  from the f l a s k  in to  the  a b so rp t io n  tube fo r  a n a ly s i s .
The f l a s k  employed was a 1000 ml round bottom 
pyrex f l a s k .  This f l a s k  was f i t t e d  w ith  a t e f lo n  s topper through 
which a 3 in .  s t e e l  sy r in g e  need le  was i n s e r te d  and se a le d  in  p lac e  
w ith  epoxy cement. The e x ac t  volume of t h i s  f l a s k ,  up to  the  s to p p e r ,  
was 1090 ml, as measured by f i l l i n g  w ith  w a te r  and measuring the  volume
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of the w ater w ith  a la rg e  graduated c y l in d e r .
In  o rder to s e l e c t  the  p roper sample s iz e  and 
amount o f TEL to p lace  in  the f la s k  fo r  e v a p o ra t io n ,  a c a lc u la t io n  
based on vapor p re s su re  was made. The s o lv e n t  benzene was employed 
as a d i l u t a n t  s ince  the use of pure TEL would r e q u i r e  a very  sm all 
i n i t i a l  sample volume. The amount o f  TEL vapor t h a t  would occupy the 
f l a s k  a t  25°C was c a l c u la te d .
The vapor p re s s u re  o f  TEL a t  25°C i s  given
by (7 4 ) ,
Logio P(mm. Hg) = 8 .1547-2184 .6 /(25  + 230)
= 8.1547-8.5645 
= -0.4098 
P -  0.39 mm. Hg
The vapor p re s su re  o f  benzene a t  25°C i s
g iven  by (75 ) ,
0.05223A
I k





93 .4  mm. Hg
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The maximum amount, in  grams, of TEL vapor th a t  would occupy the  f l a s k  
w ith o u t  condensation  i s  g iv en  by:
PV *» nRT 
(1 . 09 ! )  -  G r a | | _ m  ( o82)
grams TEL = 0.0074 grams
The maximum amount of benzene vapor t h a t  would occupy the f la s k  a t  
25°C i s  g iven  by:
PV = nRT
93 .4  /•, , \ _ Grams benzene / /_r>o. \mm (1 .0 9  1 ) =  j q --------  ( .0 8 2 ) (298 k)
grams benzene vapor = 0.453 g
Thus, the  maximum a llo w a b le  sample to  be p laced  in to  the f la s k  f o r  
e v ap o ra t io n  was 0.0074 g. TEL in  0 .453 g* benzene. The d e n s i t i e s  o f  
th ese  compounds a t  room tem pera tu re  i s :
TEL = 1.659 g/cc (7 6 )
benzene = 0 .879  g /cc  (77 )
0.007^ g. TEL = 4.5 y.1 TEL
0.453 g* benzene = O.5I6 ml benzene
Thus, the concentration of the sample solution for evaporation into 
the flask should be no more than 4.5 P<1 TEL/0.5I6 ml benzene or, 
approximately,
900 p,l TEL/100 ml benzene
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and the volume o f the sample s o lu t io n  should  no t exceed 5I 6 [xl.
In  o rder to  s ta y  w e l l  below these  l i m i t s ,  
a s o lu t io n  was prepared  which con ta ined  60 p,l TEL per 100 ml benzene. 
Of t h i s  s o lu t io n ,  300 p,l was in je c te d  in to  the  f l a s k  v ia  a 500 ixl 
sy r in g e  and allow ed to  s tand  fo r  I 5 min. fo r  e v a p o ra t io n .  Next, a 
50 c c .  sy r in g e  was f i t t e d  to  the need le  so c k e t  imbedded in to  the  t e f ­
lo n  s topp er  on the  f l a s k ,  and an a i r  sample was drawn from the f l a s k .
The 50 cc . sy r in g e  was then p laced  in to  the 
motor d r iv e  assembly p re v io u s ly  d e sc r ib e d .  The r a t e  o f  i n j e c t i o n  w ith  
t h i s  sy ringe  was found to  be 2.85 cc /m in . The TEL vapor sample in  
th e  sy r ing e  was then  in je c te d  a t  th a t  r a t e  in to  an a i r  s tream  flow ing 
a t  th e  r a t e  o f  1200 cc /m in . The combined s tream s of a i r  then  passed 
i n to  the a b so rp t io n  tube and an a b so rp t io n  a t  the  2833& lea d  resonance 
l i n e  of 11^  was observed .
(2) C a lc u la t io n  of Lead C o n cen tra t io n  in  the
A ir  Stream
The f l a s k  c o n ta in e d ,  in  1090 c c .  volume,
■(0 ,2  SM Pj*) (60, 1X1 t e l )  .  18
100 ml benzene r  r
T his amount was w e ll  below the c a lc u la te d  maximum a llo w ab le  o f 4 .5  |xl.
0 .1 8  n l  TEL v ap o r /1090 c c .  = 1 .6  x lo " 4 | j l  TEL/cc. o f  f l a s k  a i r
T his  a i r  sample was i n je c t e d  in to  the main a i r  s tream  a t  the  r a t e  of
2.85  cc/m in . Thus the  t o t a l  amount o f  TEL p a ss in g  in to  the  main a i r  
s t ream  was
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1 .6  x lo " 4 y,l x 2.85 cc .  = 1+.7 x 10"4 p,l TEL/min.
I t  was assumed t h a t  the  volume o f lead  c o n ta in in g  a i r  in tro d u ced ,
2.85 c c /m in . ,  was i n s i g n i f i c a n t  compared to  the  main a i r  flow, which 
was 1200 ' c c /m in . , o r  0.0012  cub ic  m eters /m in .
Thus, the  f i n a l  a i r  c o n c e n tra t io n  was,
k .J  x 10"4 ill TEL/.0012 m3 a i r
s in ce  1 cc . of TEL a t  25°C = 1 .06  g. Pb (7 8 ) ,  the  a i r  co n cen tra ­
t io n  w as:
(k . 7  x 10“4 u l )  (1 .06  r . Pb) , , .
(iLOOOlS- TEL) ( .0 0 l2 m 3' a i r )  "  x 10 S ' *W cubic meter
o r 14-15 |ig Pb/m3 .
Thus, by t h i s  method o f s ta n d a rd iz a t io n ,  an 
ab so rp t io n  o f  11$ a t  the Pb l i n e  o f  2833^ occured upon the passage 
in to  the a b so rp t io n  tube o f  an a i r  s tream  c o n ta in in g  W-5 iig Pb/m3 .
c,-' D i r e c t  I n j e c t i o n  of TEL
(1) P re p a ra t io n  and I n t ro d u c t io n  o f Samples
This method o f  s ta n d a rd iz a t io n  employed the  
d i r e c t  i n j e c t i o n  v ia  the  m o to r-d r iv en  sy r ing e  o f a t e t r a e th y l  lead  
s o lu t io n  in to  th e  sample a i r  s tream . A s o lu t io n  was prepared which 
con ta ined  1130 ill TEL per 100 ml benzene. A 10 ill Hamilton sy r in g e  
was placed on the  motor d r iv e  mechanism and was found to  d isch arge  a t  
the  r a t e  of O.83  | i l /m in u te .
The sy r in g e  was f i l l e d  w i th  the prepared
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s o l u t io n  and placed  on the motor d r iv e  assembly. The sy r in g e  needle  
was i n s e r t e d  through a rubber p lug  and the t ip  was a rran g ed  in  the 
c e n te r  o f  the  tube so th a t  the a i r  stream  would pass over i t .  A 
diagram  o f  t h i s  assembly i s  shown in  F igure  12.
The c o n te n ts  of the sy r in g e  was then d i s ­
charged  i n to  an a i r  flow stream  o f  20 l i t e r s / m i n u t e .  The bulk  o f th i s  
a i r  s tream  was then d isca rd ed  through the by-pass tube d e sc r ib e d  in  
e a r l i e r  s e c t i o n s .  A flow of 1 .2  l i t e r s / m i n .  o f  t h i s  a i r  s tream  was 
passed  through the sample ro to m e te r  and in to  the  a b s o rp t io n  tu b e ,  
where an a b so rp t io n  of 32$ was observed . The exp erim en ta l  c o n d it io n s  
o f  t h i s  a b so rp t io n  i s  d isc u sse d  in  the nex t s e c t io n .
(2) C a lc u la t io n  of Lead C o n cen tra t io n  in  A ir  
S tream
Injection of 0.83 M-l TEL/min. into an air 
stream flowing at 20 liters/m in. of a solution containing H 30 p.1 
TEL/100 ml benzene.
Thus, the  t o t a l  i n je c t io n  in to  the  a i r  stream
per minute was:
(0 '°008? *l )  -  s u  * W  H  m / - l n .
Since  the  a i r  flow was 20 l i t e r s / m i n . ,  the a i r  c o n c e n tr a t io n  was
x 10~3 |xl TEL/20 l i t e r s  a i r
s in c e ,
1000 |j,l TEL = 1 .0 6  grams Pb
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The concentration of lead in the air stream was:
(3u9 ,L B) ^ ( 9 Hi ) » io  x iq-6 g/20  liters
o r ,
10 x 10-6  g / .0 2  m3
or
500 p,g. P b /cub ic  m eter a i r
Thus, by t h i s  method o f  s t a n d a rd iz a t io n ,  an 
a b so rp t io n  o f  52$ was observed a t  the lead  resonance l in e  o f 28558. 
upon passage of an a i r  s tream  c o n ta in in g  500 ixg. Pb/m3 .
d. Vapor Diffusion Method of Standardization
This method of s ta n d a rd iz a t io n  was based on the  
d i f f u s io n  o f  t e t r a e t h y l  le a d  vapor in  an a i r  s tream . This method 
has been suggested  to  be s u p e r io r  to  the  th re e  p rev ious  methods d i s ­
cussed (79)* o p e ra t io n ,  a s tream  of a i r  was passed over a tube 
c o n ta in in g  TEL. This tube was se a le d  in  a  chamber as  shown in  
F igure  25-
The rate of TEL diffusion out of the tube and 
into the air stream is given by (80);
2.505 DMPA .  P 
1 = M X -------- L 0g
FIGURE 23
Diagram o f  D if fu s io n  C e ll
m a te r ia l  o f c o n s t ru c t io n  - pyrex g la s s
Dim ensions:
c e l l  d iam eter = 60 mm
c e l l  leng th  = 150 mm
d i f f u s i o n  tube len g th  = 150mm
len g th  o f  d i f f u s io n  tube
ex ten d in g  in to  c e l l  = 20 mm





where r  = r a t e  o f d i f f u s io n  o f vapor ou t  of 
the d i f f u s io n  tu b e ,  grams per 
second
D = m olecular d i f f u s io n  c o e f f i c i e n t  of 
the vapor, cm2 per second
M = m olecular w eigh t of vapor
P = t o t a l  p re ssu re  in  d i f f u s i o n  c e l l ,  
in  atmospheres
A = c r o s s - s e c t io n a l  a rea  of the  d i f ­
fu s io n  tube , square c e n t im e te rs
p = p a r t i a l  p re s su re  a t  a tem pera tu re  
T of the  vap o r, in  atm ospheres
R = gas c o n s ta n t ,  l i t e r - a tm o s p h e re s  
per  mole -k
T = tem pera ture  °k
L = len g th  o f d i f f u s io n  p a th ,  in  
cen tim e te rs
I f  the  d i f f u s io n  c o e f f i c i e n t  and vapor p re s su re  
a t  tem perature  T of the l iq u id  being  employed i s  known, then  the  r a t e  
of d i f f u s io n  can be c a lc u la te d  d i r e c t l y .  The d i f f u s io n  c o e f f i c i e n t s  
a re  known and ta b u la te d  fo r  many o rgan ic  compounds bu t u n f o r tu n a te ly  
n o t  fo r  t e t r a e t h y l  le a d .
In  the  absence o f  t h i s  d a ta ,  the a l t e r n a t i v e  
method of d e te rm in in g  th e  d i f f u s io n  r a t e  was by p ass ing  a q u a n t i ty  
of a i r  a t  a known r a t e  over the  d i f f u s io n  tube . The d i f f u s i o n  c e l l  
was weighed b e fo re  and a f t e r  the  passage  of a i r  and the  q u a n t i ty  of 
TEL removed was de te rm ined . The on ly  c r i t i c a l  v a r i a b le  in  th e  d i f ­
fu s io n  e q u a t io n  i s  the tem p era tu re ,  a l l  o th e rs  a re  c o n s ta n t  o r can 
be he ld  n e a r ly  so .
T h e re fo re ,  the stem of the d i f f u s io n  tube was h a l f
93
f i l l e d  w ith  TEL was placed in  a w a te r  ba th  and i t s  tem perature  he ld  
a t  35*5 + 0 .2°C . A flow o f  compressed a i r  was passed through a 10 
tu rn  copper c o i l  placed in  the  w a te r  ba th  to  h e a t  the a i r  t o  the same
tem perature  as the  l iq u id  in  the  d i f f u s i o n  tube . The a i r  s tream  was
then  passed in to  the d i f f u s io n  c e l l  a t  the  r a t e  o f  1200 cc/m in. A 
F is c h e r -P o r te r  ro tom eter o f  e x c e l l e n t  q u a l i t y  was employed fo r  flow 
measurement. P e r io d ic  checks showed th a t  th e  a i r  flow v a r ie d  no more 
than  5 cc /m in . during  the c a l i b r a t i o n  p e r io d .  The g l a s s - f r i t t e d  
stems shown in  F igure  23 were employed to  d i f f u s e  the  a i r  in s id e  the
c e l l  to  a id  the  mixing of TEL vapor and the  a i r  s tream .
The a i r  s tream  was then  passed through th e  d i f f u ­
s io n  c e l l  fo r  a p e riod  of 7^50 m in u tes .  The flow r a t e  was 1200 c c /
min. This was n o t  c r i t i c a l  to  the  d i f f u s i o n  of TEL vapor s in c e  the
r a t e  o f  d i f f u s io n  i s  independent o f  a i r  flow .
(1) C a lc u la t io n s  of D if fu s io n  Rate of TEL
i n i t i a l  weight of d i f f u s i o n  _ ■zû '7  *
c e l l  co n ta in in g  TEL ” S
w eigh t a f t e r  a i r  passage  = I k j . j k k h j  8*
weight o f TEL removed = 000.00172 g
* These weighings a re  the  average  v a lu es  of 10 in d iv id u a l  
w e igh ings . The c a lc u la te d  s ta n d a rd  d e v ia t io n ,  was, a  = 0.00111.
Thus, 2a “ 0 .00222 g. The average  w e ig h ts  can then  be assumed to 
be c o r r e c t  to  2 m illigram s a t  the  95*5$ confidence  l e v e l .
Thus I 7 mg. o f TEL was removed from the d i f ­
fu s io n  c e l l  d u r in g  the  p e r io d  o f  7I 5O m inu tes . The tem perature  during 
th e  experim ent was 35.5  + 0 .2°C . T h is  was th e  most c r i t i c a l  f a c to r
during the course  o f  the  w eigh t lo s s  d e te rm in a t io n .  A l t s h u l le r  has 
suggested t h a t  v a r i a t i o n s  in  the d i f f u s io n  c o e f f i c i e n t s  should no t 
exceed 1$ per degree  (81 ). The l a r g e s t  e r r o r  w i l l  be the 2 mg. v a r i ­
a t io n  which occurs  du ring  the  weighing p ro ced u re . This gives a pos­
s ib le  e r ro r  o f  12$ in  the q u an ity  o f TEL removed from the c e l l .
The d i f f u s io n  r a t e  was th en ,
17  mg. TEL/7I 5O minutes 
o r  0 .00238 mg. TEL/minute
Since Tel i s  6k<f0 l e a d ,  the r a t e  of lead  removed from the c e l l  was:
O.OOI53 mg. Pb/m inute .
N ext, the  response  o f  the  developed method 
to  th i s  a i r  s tream  c o n ta in in g  TEL was de term ined . The lead  resonance  • 
l i n e  a t  2833^  was m onitored  and a l l  experim en ta l param eters were 
a d ju s te d  to the same v a lu e s  as were employed i n  the previous s ta n ­
d a rd iz a t io n  methods.
As mentioned e a r l i e r ,  the optimum sample 
flow r a t e  in to  th e  a b s o rp t io n  tube was 1200 cc /m in . However, passage 
o f  th is  q u a n ti ty  o f  a i r  through the  d i f f u s io n  c e l l  and in to  the sy s­
tem could no t be done s in c e  i t s  c o n c e n tra t io n  was much too g re a t .  
T here fo re , i t  was n e c e ssa ry  to  mix the  a i r  s tream  flowing through th e  
d i f f u s io n  c e l l  w i th  a pure a i r  s tream .
(2 ) C a lc u la t io n  o f  Sample A ir  Stream C on cen tra t io n
An a i r  s tream  of 1200 cc/m in . was passed
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th rough  the d i f f u s io n  c e l l .  S ince the d i f f u s i o n  r a t e  was 1 .5 3  M-g Pb/ 
m in u te ,  the  c o n c e n tra t io n  of t h i s  a i r  s tream  was 1 .5 3  p-g/1-2 l i t e r .
This s tream  was then  mixed w ith  a  pure a i r  
s t re am  flowing a t  the r a t e  o f 1 .5  l i t e r s / m i n .  The c o n c e n tra t io n  of 
t h i s  combined a i r  stream  was then 1 .53  (J-S P b /2 .7  l i t e r s ,  o r ,  567 p.g 
P b /c u b ic  m eter . Next, 1 .2  l i t e r s / m i n .  o f t h i s  a i r  s tream  was i n t r o ­
duced in to  the a b so rp t io n  tube and an a b s o rp t io n  of 30$ was observed .
Thus, by th i s  method of s t a n d a r d i z a t i o n ,  an 
a b s o rp t io n  o f  30$ a t  2833& was caused by the  passage  of an a i r  s tream  
c o n ta in in g  5^7 P-g Pb/m3 .
e .  Comparison o f  the C a l ib r a t i o n  Methods
c o n d i t io n s  under which the  a b so rp t io n  by le a d  in  th e  a i r  s tream  were 
a s  n e a r ly  as p o s s ib le  i d e n t i c a l .  The lamp p re s s u re  was m ain ta ined  in  
i t s  most fa v o ra b le  re g io n  of from 0 .70  to  0 .75  mm- Hg- The HP power 
was c o n s i s t a n t l y  m ain tained  a t  60$ and a new s e t  o f  carbon  rods was 
i n s t a l l e d  f o r  each d e te rm in a t io n .  A lso , the sample a i r  flow r a t e  in to  
th e  a b so rp t io n  tube was the  same fo r  each method, 1 .2  l i t e r s / m i n .
In each of the  methods s tu d i e d ,  the experim en ta l
Table I I  shows a comparison o f  the r e s u l t s  ob­
ta in e d  w ith  each method.
TABLE I I
Comparison o f S ta n d a rd iz a t io n  Methods
Me thod
C a lc u la ted  A ir  
C o ncen tra t ion
A bsorp tion  a t
s a tu r a t e d  a i r  stream  
s ta n d a rd  a i r  volume in je c t i o n  
d i r e c t  i n j e c t i o n  










As shown in  the t a b l e ,  the  l a s t  two methods were 
in  the c lo s e s t  agreement o f  the fo u r .  The method invo lv ing  the  p re ­
p a ra t io n  o f a s tan d a rd  volume of TEL vapor gave the p o o res t  r e s u l t .
The method which involved the passage of a i r  
through lead  c o n ta in in g  s o lu t io n s  to  o b ta in  a  s a tu r a t e d  a i r  s tream  
was the one most d i f f i c u l t  to  perform . I t  r e q u ire d  s e v e ra l  hours of 
c o l l e c t i o n  to  o b ta in  s u f f i c i e n t  le a d  fo r  a n a ly s is  by conven tiona l 
methods. This method r e q u ire d  a secondary a n a l y s i s ,  which was time 
consuming and i t  a ls o  y ie ld e d  a lower percen tage  a b so rp t io n  by lead  
than  o th e r  methods.
A p o s s ib le  e x p la n a t io n  fo r  the  low a b so rp t io n  fo r  
t h i s  me.thod i s  t h a t  the  c a lc u la te d  c o n c e n tra t io n  o f the a i r  s tream  
was an average v a lu e ,  s in c e  the sample fo r  a n a ly s is  was c o l l e c te d  fo r  
s e v e ra l  h o u rs .  A lso , as the  a i r  passed through the  sc ru b b er ,  the  con­
c e n t r a t i o n  of TEL in  the  to lu en e  s o lv e n t  could  have been changing.
That i s ,  the  TEL may n o t  have been removed a t  the  same r a t e  as t h a t  
f o r  th e  s o lv e n t .  However, the  developed method g ives an in s tan tan e o u s  
va lue  fo r  the c o n c e n tr a t io n  o f le a d  in  the  a i r  s tream . Thus, the  
average a i r  c o n c e n tra t io n  o f  the  a i r  s tream  and the  c o n c e n tra t io n  a t  
a g iven  p o in t  may be q u i te  d i f f e r e n t .  I t  has been suggested  to  the  
au th o r  t h a t  t h i s  method o f  s t a n d a rd iz a t io n  i s  n o t  r e l i a b l e  (8 2 ) ,  and 
f u r th e r  in v e s t i g a t io n  was suspended and the  method d isc a rd e d .
The second method, p re p a ra t io n  o f s tan d a rd  a i r  
volumes, a ls o  gave a lower va lue  of a b so rp t io n  than  d id  the d i r e c t  
i n j e c t i o n  or the d i f f u s io n  method. An e x p la n a t io n  fo r  th i s  might be 
the  f a c t  t h a t  a l l  of the  t e t r a e t h y l  lead  p laced  in  the  f l a s k  does n o t  
evapora te  or t h a t  some i s  absorbed on the w a l ls  o f the f l a s k .  Of
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c o u rs e ,  t h i s  same argument o f a b so rp t io n  on g la s s  w a l ls  can a ls o  apply 
a l l  o f  the methods of c a l i b r a t i o n .  However, the c o n c e n tra t io n  o f the  
sample in troduced  in  each case  was the low est f o r  the  d i r e c t  i n j e c t io n  
and the  d i f f u s io n  method. Thus, these  two methods should s u f f e r  the 
l e a s t  from TEL a b so rp t io n  on tu b ing  w a l ls .  F ig u re  2k shows a compari­
son o f  the two i n j e c t i o n  methods. I n j e c t io n  o f  a 500 |J- Pb/m3 as c a l ­
c u la te d  by the  s ta n d a rd  a i r  volume y ie ld s  an a b s o rp t io n  o f  app rox i­
m ately  11^. However, an i n j e c t i o n  of a 500 jxg Pb/m3 a i r  sample as 
c a lc u la te d  by d i r e c t  i n j e c t i o n  gave an a b so rp t io n  o f n e a r ly  35$*
Another f a c t o r  in  the favor o f  the  d i r e c t  i n j e c t i o n  
method was t h a t  the  sample was in je c te d  in to  a  much l a r g e r  volume of 
a i r  than  was a c t u a l l y  needed f o r  a n a ly s is  and the excess  d isca rd ed  
a f t e r  the TEL was in tro d u c ed . This la rg e  a i r  f low , 20 l i t e r s / m i n . , 
was employed in  o rder  to  a ssu re  t h a t  a l l  of the  TEL e x i t i n g  from the 
need le  t i p  would e v a p o ra te .  Of c o u rse , the  assum ption  must be made 
t h a t  the  TEL and benzene s o lv e n t  would evaporate  even ly  and in s t a n ­
ta n e o u s ly .
This was a  p o in t  in  the  favor o f  the d i f f u s io n  
method. The TEL was swept in to  the  a i r  s tream  a t  a c o n s ta n t  r a t e  and 
no assum ptions must be made. The d i f fu s io n  and d i r e c t  i n j e c t i o n  
methods gave v a lu es  of lead  a b so rp t io n  t h a t  were in  f a i r  agreem ent.
The l im i t i n g  f a c to r  fo r  the  d i f f u s io n  method was 
the c a l c u l a t i o n  of the r a t e  o f  d i f f u s io n  o f  TEL in to  the  a i r  s tream .
As in d ic a te d ,  the  p o s s ib le  e r r o r  in  th a t  d e te rm in a t io n  was 12^. This 
would y i e ld  v a lu es  o f  a i r  c o n c e n tra t io n  which would a l s o  f l u c t u a t e  by 
t h a t  amount, A lso , the  d i f f u s io n  method re q u ire d  the  mixing of a i r  
s tream s and s u f f i c i e n t  h igh  q u a l i t y  flow m eters f o r  t h i s  purpose were
FIGURE 2k
Comparison of Methods of S ta n d a rd iz a t io n
a i r  sample = $00 (j,g Pb/m3 •
E xperim ental Conditions
w avelength  = 
s l i t  = 
g a in  = 
H.C. c u r r e n t  =
H.C. p re s su re  = 
a i r  flow = 
RF power = 
c h a r t  speed =
2170X
0 .2 2  mm 
maximum 
30 ma 
0 .70  mm
1 .2  l i t e r s / m i n . ,
6o<f0
0 .2  in . /m in .
a t  p o in t :  A- a i r  flow on •
B- i n j e c t i o n  of p repared  a i r  sample
C- i n j e c t i o n  o f f
D- a i r  flow o f f
E- a i r  flow on, d i r e c t  in je c t i o n  o f  TEL
F- i n j e c t i o n  o f f








no t a v a i la b le .  Thus, the e r r o r  involved  in  th e  c a lc u la t io n  o f  a i r  
flow could be the  most s i g n i f i c a n t  f a c t o r .  At any r a t e ,  the d i f f u s i o n  
method and the d i r e c t  i n j e c t i o n  method gave v a lu es  which were w i th in  
the  probable l i m i t s  o f  e r r o r .
The d i r e c t  i n j e c t i o n  method was used fo r  f u r t h e r  
s tu d ie s .  No f u r t h e r  work was done by the  d i f f u s io n  method s in c e  th e  
c a lc u la te d  d i f f u s i o n  r a t e  was no t very  a c c u ra te .  A good, r e l i a b l e  
c a lc u la t io n  of t h i s  c o n s ta n t  could  be made by th e  passage of a i r  
through the d i f f u s i o n  c e l l  fo r  se v e ra l  weeks or months. This would 
allow a much g r e a t e r  q u a n t i ty  o f TEL to  be removed from the c e l l  and
thus the e r r o r  i n  w eighing would be l e s s  s i g n i f i c a n t .
2 . R e s u l ts  of C a l ib r a t io n  S tu d ies
a .  A bso rp tion  o f In je c te d  Lead Samples
As p re v io u s ly  d isc u sse d ,  th e  Pb sp e c t ra l  l i n e  a t  
2170S gave approx im ate ly  tw ice th a t  o b ta ined  a t  2833S. T h e re fo re ,  a 
good check on th e  s t a n d a r d iz a t io n  method s e le c te d  would be to  rec h ec k  
t h i s  o b se rv a t io n .  F ig u re  25 shows the a b s o rp t io n  of a 500 |i<g Pb/m3 
sample a t  the  a c t iv e  lea d  w aveleng ths . As ob ta ined  p rev io u s ly ,  the  
l in e  a t  2I 70S y i e ld s  n e a r ly  tw ice t h a t  o b ta in ed  a t  2833^ and none a t  
a l l  a t  ^065^. T his  d a ta  w i l l  a ls o  be employed f o r  proof of a b s o rp t io n  
by lead  in a  l a t e r  s e c t io n .
b .  R e p ro d u c ib i l i ty  o f  Lead S tandards
F ig u re  26 shows the  a b so rp t io n  of a 100 p,g Pb/m3
in je c te d  sample r e p e a te d  e ig h t  t im es . Each t im e , the 10 |il H am ilton
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FIGURE 25
Injection of Standard Sample at 2170, 2855. and lt-065̂
air sample - 500 jj,g Pb/m3
Experimental Conditions
RF power = 60$
H.C. current = 30 ma
H.C. pressure = 0.75 ^  
chart speed = 0.2 in./min.
air flow = 1.2 liters/min.
for curve: A- = 2833S
s l i t = 0.10 mm
gain 0.01
B- 2170&
s l i t = 0.20 mm
gain = maximum
C- \ = 4065&
s l i t = 0.075 111111





R e p e a t i b i l i t y  o f S tandard  I n j e c t io n
a i r  sample - 100 n,g Pb/m3
Experim ental C onditions
wavelength = 
s l i t  -  
H.C. c u r r e n t  =
H.C. p re s su re  = 
g a in  = 
a i r  flow r a t e  = 
c h a r t  speed = 
RF power -
2170&
0.25  mm 
27 ma
0.75 111111
f u l l
1 .2  l i t e r s / m i n .  





sy r in g e  was f i l l e d  w ith  a TEL s o lu t io n  c o n ta in in g  225 y l  TEL/100 ml 
benzene, and the sy r inge  was d ischarged  in to  the sample a i r  flow of 
20 l i t e r s / m i n .  1 .2  l i t e r s / m i n .  of t h i s  a i r  s tream  was passed in to  the  
a b so rp t io n  fo r  a n a ly s i s .
As can be seen  from the f i g u r e ,  the assignm ent 
of the  c o r r e c t  va lue  of a b so rp t io n  p re se n ts  a problem. Table I I I  
shows the  average a b so rp t io n  of each t r i a l  and the  e s t im ated  maximum 
e r r o r  involved  in  ta k in g  the  re a d in g .
TABLE I I I
R e p ro d u c ib i l i ty  of S tandard  I n j e c t i o n
Sample No. <h A bsorp tion Maximum <f0 E rro r  









* This was the. p o s s ib le  e r r o r  involved  in  s e l e c t in g  the t ru e  
va lue  o f  a b so rp t io n  from th e  c h a r t .
The c a lc u la te d  s tan d a rd  d e v ia t io n  f o r  th e  average 
va lues  in  the ta b le  was cr = i ^ t Thus, from look ing  a t  the  average 
va lu es  a s s ig n e d ,  i t  could be assumed t h a t  th ese  numbers a re  c o r r e c t  
to  + Ifjo. This was no t th e  c a s e ,  s in c e  the  e r r o r  involved  in  simply 
s e l e c t in g  the  va lue  from th e  c h a r t  f a r  exceeds 2 cr. I f  the h igh  v a lu e
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fo r  sample number ^ was excluded, the  average  e r r o r  in  read in g  was 17$ .  
The average $ e r r o r  in  sample read ing  i s  q u i te  la rg e  compared to o th e r  
a n a l y t i c a l  methods. However, the low c o n c e n tr a t io n  l e v e ls  employed 
in  th i s  in v e s t i g a t io n  a re  not ob ta ined  by th ese  o th e r  more p re c is e  
methods. D iscuss ions  o f  improving t h i s  h ig h  e r r o r  f a c t o r  a re  made in  
the f i n a l  c h ap te r  o f t h i s  d i s s e r t a t i o n .
c .  C a l ib r a t io n  Curve
The n e x t  s e r i e s  of s tu d ie s  performed was the de­
te rm in a t io n  of the  e f f e c t  of lead  c o n c e n tra t io n  upon absorbance of the 
sample. The t ru e  t e s t  f o r  any sp ec tro p h o to m e tr ic  method of a n a ly s i s  
i s  a  p lo t  o f  c o n c e n tr a t io n  v s .  absorbance . Normal atomic a b so rp t io n  
spec tro scop y  fo llow s the  Beer-Lambert in  the sense  t h a t  absorbance i s  
l i n e a r  w ith  c o n c e n tr a t io n .  This requ irem en t must .be f u l f i l l e d  i f  
m eaningful d a ta  a re  to  be o b ta in ed . F ig u re  27 shows a p lo t  of concen­
t r a t i o n  v s .  absorbance fo r  the  developed method u s in g  the  d i r e c t  i n ­
j e c t i o n  method o f  s ta n d a rd iz a t io n .
The range of a i r  c o n c e n tra t io n s  were p repared  as 
fo l lo w s:  The s to c k  s o lu t io n  o f  t e t r a e t h y l  le a d  in  benzene, which has
been used in  a l l  the  p rev ious s tu d ie s  was p repared  by p la c in g  11 .3  ml 
o f TEL in  a 1000 ml v o lum etric  f l a s k  and f i l l i n g  to  the  mark w ith  
re a g e n t  grade benzene. This s o lu t io n  must be s to re d  in  brown b o t t l e s  
or m etal cans as l i g h t  causes the fo rm ation  o f a red  lea d  p r e c i p i t a t e .  
Table IV shows the c o n c e n tra t io n s  o f the  TEL s o lu t io n s  used fo r  
s t a n d a r d iz a t io n .
FIGURE 27
C a l ib r a t io n  Curve fo r  Lead in  A ir
E xperim en ta l
w avelength  = 
s l i t  =
H.C. c u r r e n t  =
H.C. p r e s s u re  = 
g a in  = 




0.20  nun 
28 ma 
0 .7 0  nun 
maximum
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TABLE IV
C o n cen tra t io n  of S tandard  I n j e c t io n  S o lu t io n s
Pb C on cen tra t io n  
in  u,R Pb/m3 a i r
In je c te d  S o lu t io n  















Each of the lower c o n c e n tra t io n s  was ob ta in ed  by d i l u t i o n  of the  
1130 p i TEL/100 ml benzene s to c k  s o lu t io n  u t i l i z i n g  t r a n s f e r  p ip e te s
b o t t l e s  which were wrapped w ith  aluminum f o i l .
The 10 p,l Hamilton sy r in g e  was f i l l e d  in  tu rn  
w ith  each so lu t io n  in  o rd er  o f  in c re a s in g  c o n c e n tra t io n  and in je c te d  
a t  th e  r a t e  of O.83  p l /m in .  in to  a  sample a i r  flow of 20 l i t e r s / m i n . ,  
o f  which 1 .2  l i t e r s / m i n .  was passed in to  the  a b so rp t io n  tube fo r  
a n a ly s i s .  The optimum c o n d it io n s  as determ ined p rev io u s ly  were used 
and re p o r te d  on the t i t l e  sh e e t  fo r  F igure  27 .
l i n e a r  w ith  c o n c e n tra t io n  from 25 to  approxim ate ly  350 M-g Pb/m3 . A 
curv ing  was noted fo r  c o n c e n tra t io n s  above 350. This curv ing  may be 
due to  a s a tu r a t io n  e f f e c t  in  the  g ra p h i te  rod a to m ize r .  That i s ,  a t  
these  l e v e ls  of lead  atom c o n c e n tr a t io n ,  th e re  i s  a l im i te d  su rfa ce  
a re a  on the rods fo r  r e a c t i o n  w ith  the  lead  atoms. I f  th i s  were the 
c a se ,  in c re a s in g  the number of rods or in c re a s in g  t h e i r  leng th  might
and vo lum etric  f l a s k s .  The d i lu te d  s o lu t io n s  were s to re d  in  g la s s
As can be seen  from the g raph , absorbance i s
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reduce  the e f f e c t .
d. L im it  of D e te c tio n  of the Method
In atomic a b so rp t io n  sp ec tro sco p y , the  lower 
l i m i t  o f d e te c t io n  i s  g e n e ra l ly  accep ted  to be t h a t  c o n c e n tra t io n  
which w i l l  cause an a b so rp t io n  of 1$ (83 ) .  S ince the  amounts o f lead  
in  the atmosphere va ry  from l e s s  than  1 to  around 10 p,g/m3 norm ally , 
i t  was im portan t to  determ ine the low est p o ss ib le  sample t h a t  the 
developed method can d e t e c t .  The a b so rp t io n  of a 10 p,g Pb/m3 sample 
p rep a red  by TEL i n j e c t i o n  as p re v io u s ly  desc r ib ed  i s  shown in  F igure  
28. The optimum a i r  flow r a t e ,  tem pera tu re ,  lamp c u r r e n t ,  s l i t  w id th ,  
and w avelength  were employed and l i s t e d  on the t i t l e  s h e e t  f o r  F igure  
28.
As can be seen  from the scan , the  10 p-g/m3 sample 
causes approx im ate ly  a  1^ a b so rp t io n .  Also shown i s  a  5 x s c a le  ex­
pansion  o f  the  1$ a b so rp t io n  s ig n a l  and was found to  y i e l d  a 5$ read in g  
on th e  r e c o r d e r .  The h igh  le v e l  o f n o ise  made a c c u ra te  usage o f the 
s c a le  expander acc esso ry  very  d i f f i c u l t .  Maximum g a in  was re q u ire d  
o f  the  a m p l i f i e r  to  use the  2I 7O& l i n e  and a ls o  f a i r l y  wide s l i t s  were 
n e c e s sa ry .  I f  th ese  problems were minimized, lower l e v e l s  o f d e te c t io n  
could  p o s s ib ly  be o b ta in ed .  F igu re  29 shows the  expansion  5 times of 
an a b s o rp t io n  of 6$ o f  a 50 p,g Pb/m3 sample which was i n j e c t e d .  The 
2833^ le a d  l i n e  was employed in  t h i s  example and w h ile  s t i l l  n o isy ,  
the  expanded s ig n a l  can more r e a d i ly  be determ ined.
3 . A na lysis  o f  L abora to ry  A ir fo r  Lead
S evera l  experim ents were performed u s in g  the  atmosphere
FIGURE 28
D e te c tio n  L im it  of Method
a i r  sample - 10 p,g Pb/m3
E xperim ental C onditions
wavelength = 
s l i t  = 
H.C. c u r r e n t  -
H.C. p re s su re  = 
g a in  = 
a i r  flow r a t e  = 







1 .2  l i t e r s / m i n .  
0 .2  in . /m in .
a t  p o in t :  A- sample i n j e c t i o n  on
B- o f f  
C- on ag a in  
D- o f f
E- i n j e c t i o n  on, now w ith  
3 x sc a le  expansion 
F- o f f

FIGURE 29
Scale  Expansion o f A b so rp tio n  S ignal
a i r  sample -  50 p,g Pb/m3
Experim ental C ond itions
wavelength = 2833^
s l i t  = 0 .1 0  mm
H.C. c u r re n t  = 25 ma
H.C. p ressu re  = 0 .7 0  mm
gain  = 0 .0 1
a i r  flow r a t e  = 1 .2  l i t e r s / m i n .  
c h a r t  speed = 0 .2  in . /m in .
RF power =
p o in t:  A- a b s o r p t io n  by sample
B- same, w i th  5 x expansion
i
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from the la b o ra to ry  as the a n a l y t i c a l  sample. This was accomplished 
w ith  the  small diaphgram compressor d e sc r ib e d  p re v io u s ly .
A b o t t l e  o f t e t r a e t h y l  lead  was opened and p laced  k 
f e e t  away from the compressor p re v io u s ly  d e sc r ib e d .  The compressor 
was drawing in  a i r  and pass in g  i t  through the  sample flow m eter a t  
the  r a t e  of 1200 cc /m in . F igu re  30 shows the a b so rp t io n  a t  2I 70X 
caused by t h i s  a i r  stream  in  the  a b s o rp t io n  tu b e .  As in d ic a te d  on 
the  c h a r t ,  when the  b o t t l e  was capped, the  a b so rp t io n  decreased .
The amount of lead  in  the  atmosphere o f the  l a b o ra to ry  
was found to f l u c t u a t e  g r e a t ly .  S ince  TEL s ta n d ard s  were p repared  in  
t h i s  room, the  amounts of lead  in  i t s  atmosphere were probab ly  h ig h e r  
than the  normal ambient a i r .  A lso , a pa rk ing  l o t  fo r  au tom obiles was 
j u s t  o u ts id e  the  l a b o ra to ry  windows. These windows were always l e f t  
open fo r  v e n t i l a t i o n  and r e s e a rc h e r  p r o te c t io n  during  working h o u rs .
F ig u re  31 shows the  d i f f e r e n c e  in  a b so rp t io n  a t  2170& 
f o r  l a b o ra to ry  a i r  v s .  compressed a i r  from a tan k .  The high  i n i t i a l  
v a lu es  fo r  the compressed a i r  was due to  lead  im p u r i t ie s  on the  
g ra p h i te  ro d s .  As shown, the $ a b s o rp t io n  g ra d u a l ly  f a l l s  to  a f a i r ­
ly  c o n s ta n t  v a lu e .  This a b so rp t io n  was due to  the lead  on the  rods 
and was no t coming from the a i r  from the tan k ,  as in d ic a te d  by the  
f a i l u r e  of a sc rubb ing  agent to  remove some.
However, upon passage  o f  the  same q u a n t i ty  of a i r  from 
the  com pressor, an a b so rp t io n  o f  over tw ice as much was observed. 
N o t ic e ,  a l s o ,  t h a t  now the l e v e l  of a b so rp t io n  was f a i r l y  c o n s ta n t ,  
i n d ic a t in g  th a t  le a d  was being  in tro d u ced  w ith  the  a i r  and n o t  only  
coming from the ro d s .  The shapes o f  th ese  a b so rp t io n  curves a re  d i s ­
cussed  f u r th e r  in  a l a t e r  s e c t io n .
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FIGURE JO
D e te c t io n  of Lead in  L ab o ra to ry  Atmosphere
Experim ental C onditions
wavelength
s l i t
H.C. c u r r e n t  
H.C. p re s su re  
ga in
a i r  flow r a t e
c h a r t  speed 
RF power
= 2167&
0 .2 0  mm 
30 ma 
0 .75  mm
maximum
1 .2  l i t e r s / m i n .  from diaphragm 
compressor 
0 .2  in . /m in .
a t  p o in t :  A- TEL b o t t l e  was opened four f e e t
from compressor 
B- b o t t l e  capped 







D e te c tio n  o f  Lead in  th e  Atmosphere I
Data taken  on 4-8-69
E xperim ental C ond itions
a i r  flow = 1000 cc/m in. 
wavelength = 2I 7O&
s l i t  = 0 .3 0  mm
gain  = maximum
RF power = 65$
lamp c u r re n t  = 28 ma
lamp p re ssu re  = 0 .7 0  mm
c h a r t  speed = 0 .5  in . /m in .
a t  p o in t :  A- tank  a i r  on
B- o ff
C- tank  a i r  on 
D- o f f
E- l a b o ra to ry  a i r  on 
F- o f f
G- l a b o ra to ry  a i r  on 






F igure  32 shows a s im i la r  in v e s t i g a t io n  two days l a t e r .  
A gain , the ab so rp tio n  by the  l a b o ra to ry  a i r  was about twice t h a t  o f  
the a i r  from the ta n k .  The t o t a l  a b so rp t io n  in  th i s  example was about 
h a l f  t h a t  shown f o r  the  p rev iou s  one. This was due to  the usage o f 
the Pb l i n e  a t  2833$ in s t e a d  of the  one a t  2lJoR. As re p o r te d  p r e ­
v io u s ly ,  the 2170S l i n e  y ie ld s  approxim ate ly  tw ice the a b so rp t io n  of 
the l i n e  a t  2835^. I t  should  be mentioned t h a t  the same s e t  of g raph­
i t e  rod s  was used f o r  each  of the  previous examples.
F igu re  33 shows a s im i la r  s tu dy  done seven days l a t e r
and no d if fe re n c e  i n  th e  two a i r  streams was no ted . A pp aren tly , the
amount o f lead in  th e  l a b o r a to r y  atmosphere had f a l l e n  below the  
d e te c t i o n  l im i ts  o f  the  method.
F igu re  34 shows a d i f f e re n c e  in  the  ab so rp t io n  caused
by th e  two a i r  sou rces  tak e n  many weeks l a t e r .  In  t h i s  example, the
a i r  from the la b o ra to ry  showed an approximate 7$ increase  in  a b so rp ­
t io n  over th a t  o b ta in ed  w i th  the  compressed a i r .  Also shown i s  the  
removal of lead from th e  a i r  from the compressor by an a c t iv a te d  
c h a rc o a l  scrubber. T his  o f f e r s  convincing p roo f  th a t  the d i f f e r e n c e  
in  a b so rp t io n  was indeed  due to  lead  in  th e  incoming a i r  from th e  
la b o r a to ry  atmosphere. Table  V shows an e s t im a t io n  o f  the c o n c e n tra ­





I n c re a s e  in  A bsorp tion  Estim ated
i n  L ab o ra to ry  A ir  Pb C o ncen tra t ion *
14$ 150 p-g/m3
20$ t  200 p,g/m3
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TABLE V (co n tin u ed )
In c re ase  in  A bso rp tion  Estim ated
Date in  L aboratory  A ir_____  Pb C oncen tra tion*
4 - 17-69  0 0
6-2-69 14# t  150 p-g/m3
* These e s t im a te s  a re  based on the  va lues  shown in  the c a l i ­
b r a t i o n  curve p rev io u s ly  re p o r te d
t  These v a lu es  were doubled, s in c e  the d a ta  fo r  them was taken 
a t  2833$ and n o t  2170$ as was the  s ta n d a rd s  fo r  the c a l ib r a t io n  
cu rve .
4. Scrubbing Agents f o r  Removal of Lead from the A ir
Severa l of the  ag en ts  f o r  the  removal o f lead  from the  
a i r  p re v io u s ly  d escr ib ed  have been employed in  t h i s  in v e s t ig a t io n .  I t  
was the usage o f  these  sc rubbers  t h a t  led  to  th e  d iscovery  th a t  lead  
im p u r i t ie s  were p re s e n t  on the  g r a p h i te  ro d s .  P r io r  to  t h e i r  u se ,  i t  
was thought t h a t  a b so rp t io n s  ob ta in ed  w ith  the  p l a in  a i r  stream s from 
the  compressed a i r  tank  and th e  sm all compressor were only due to  
le a d  in  th e se  s tream s. The o p e ra t io n  of the agen ts  i s  now d esc r ib ed .
a .  A c tiv a ted  Charcoal as a Scrubbing Agent
A s i x  inch po lypropylene  tube was f i l l e d  w ith  small 
p a r t i c l e s  o f ch a rco a l  which had been h e a ted  a t  150°C fo r  s e v e ra l  hou rs .  
G lass wool p lugs were in s e r te d  and the  end caps were rep la ce d .  This 
tube was f i t t e d  to i n s t a l l  j u s t  behind the sample flow meter which 
was shown in  F ig u re  12. The tub ing  was a rranged  so th a t  the tube 
could be e a s i l y  removed. F igure  35 shows the  o p e ra t io n  o f the charcoa l
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FIGURE 32
D e te c t io n  o f  Lead in  the Atmosphere I I
Data taken  on 4-10-69
Experim ental Conditions
air flow = 1200 cc/min. 
wavelength = 2833&
s l i t  = 0.10 mm
gain = 0.01
H.C. current = 10 ma 
H.C. pressure = 75 .mm 
RF power -  60$ 
chart speed = 0.5 in./min.
a t  p o in t :  A- la b o ra to ry  a i r  on
B- o f f
C- tank a i r  on 






D e te c t io n  of Lead in  the Atmosphere IV
Data taken  on ^ -17-69
Experim ental C ond itions
a i r  flow = 1200 cc/m in.
wavelength = 2833&
s l i t  = 0 .1 0  mm
gain  = 0 .01
H.C. c u r r e n t  = 28 ma
H.C. p re s su re  = 0 .73  111111 
RF power = 60^
c h a r t  speed = 0 .5  in . /m in .
f o r  cu rv e :  A- compressed a i r  from tank
B- a i r  from la b o ra to ry  atmsophere
CO
FIGURE J>b
D etec tio n  o f  Lead i n  the  Atmosphere I I I
D ata  taken  on 6-2-69
Experimental Conditions
air flow = 1200 cc/min.
wavelength = 2833&
s l i t  = 0.10 mm
gain = 0.01
H.C. current = 22 ma
H.C. pressure = 0.75 111111
RF power = 60$
chart speed = 0.5 in./min.
for curve: A- air from compressed tank
B- air from laboratory atmosphere
C- air from laboratory atmosphere




E f f e c t  of A c tiv a te d  Charcoal as a Scrubbing  Agent
air sample - compressed air from tank
Experim ental Conditions
wavelength = 2833^
s l i t  = 0.10 mm
gain = 0.01
H.C. current = 28 ma
H.C. pressure = 0.75 n®
RF power = 60^
chart speed = 0.2 in./min.
air flow = 1.2 liters/min.
at point: A- air flow on
B- air flow off
C- charcoal f ilte r  in, air flow on 
D- air flow off
E- air flow on, without charcoal f ilte r
F- injection of a k O O  |j,g Pb/m3 standard
G- injection off 
H- air flow off
I- air flow on, with charcoal f i l t e r  in
J- injection of a 14-00 jig Pb/m3 standard
K- injection o ff, air off
sav%
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scrubber. On the chart, an absorption of approximately 18$ occurred 
upon passage of air from the compressed tank at the rate of 1.2 
liters/m in. The operating conditions are listed  on the t i t le  sheet 
of Figure 35* Next, the charcoal scrubber was placed in the line 
and the process repeated. An absorption of the same value was ob­
tained. Thus, i f  the incoming air contained lead, i t  was not re­
moved by the scrubber. The scrubber was removed and the air flow 
again set to 1.2 liters/min. with the sample flow meter. At the 
point shown on the chart, the injection of a TEL standard was in it i ­
ated via the motor-driven syringe. The concentration of the re­
sulting air sample was lj-00 p.g Pb/m3. As shown, an absorption of 12$ 
was recorded, the injection of standard was stopped, and the re­
corder trace f e l l .  The charcoal scrubber was then placed in the line 
and the process repeated. As shown, no absorption at a ll occurred. 
Therefore, i t  seems that the charcoal scrubber was able to remove 
lead from the air stream at a ll indications were that the source of 
lead may be in the system after the scrubber.
b. Iodine- based Scrubbers
A similar set of studies was then performed .• 
using iodine scrubbers. Small crystals of iodine were placed in a 
plastic absorbent tube, plugs of glass wool inserted and capped.- 
100 g. of I2 solid was dissolved in 1000 ml of reagent methyl alcohol 
and 200 ml of this solution was placed in a glass, gas washing tower 
fitted  with a glass fritted  tube. These scrubbers were placed in 
the line as described for the charcoal scrubber.
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Figure 36 shows the effect of these scrubbers, 
operating conditions listed  on the t i t le  sheet. Curve A shows the 
absorption by the plain air stream at 2833&. Curve B shows the ab­
sorption when both scrubbers were installed, and was effectively  the 
same. Curve C shows the effect of the solid iodine alone, and curve 
D, the effect of the I2 in methyl alcohol. Both were not s ig n ifi­
cantly different from the plain air stream. Curves E and F show that 
no absorption occurred at 2803^ end 287^+S, the non-active peaks close 
to the resonant line of lead at 2833&. This would indicate that no 
molecular absorption was occurring. Curve G shows the absorption of 
the plain air stream at 2I 70S, the most sensitive resonant line of 
lead. Curve H shows the effect of the I2 in methyl alcohol scrubber.
In the three cases that I2 in methyl alcohol 
was used, an erratic absorption signal was observed. This was later 
shown to be due to molecular absorption by iodine. The interfer­
ence of iodine compounds is discussed in following sections. The 
sharp spike shown on curve C may have been due to an electronic 
variation somewhere in the system.
Figure 37 shows the ability  of the I2 in MeOH 
scrubber to remove injected lead. A 500 M-g Pb/m3 air sample was in­
troduced into the system as previously described and an absorption of 
approximately 3^  was obtained at the lead line at 2170&. When the 
air flow is again passed through the system, a large absorption 
occurred which quickly fe ll  back to the original level. This was 
due to some lead being retained on the graphite rods from the pre­
vious large sample. This time the I2 in MeOH scrubber was in the line 
and no absorption was observed over that caused by the plain air
1^2
FIGURE .36 .
Effect of Scrubbing Agents
a i r  sample - lead  im p u r i t ie s  on g ra p h i te  rods
Experimental Conditions
wavelength = 28j53&
s l i t  = 0 .1 0  mm
g a in  = 0 .0 1
H.C. c u r re n t  = 20 ma
H.C. p ressu re  = 0 .65  nun
c h a r t  speed = 0 .2  in . /m in
RF power -  6 0 < j { ,
a i r  flow = 1 . 2  l i t e r s / m i n .  compressed a i r
for curve: A- without scrubbers
B- with I2 solid and I2/Me0H scrubbers
in series 
C- I2 solid scrubber in 
D- I2/Me0H scrubber in 
E- at X = 2 8 j b S . ,  I2/Me0H scrubber in
F- at X = 28O3S, " " »
G- at X = 2170&, s l i t  = 0.20 mm,
without scrubber 
H- same as (G), now I2/Me0H scrubber in
uoi)dJOsqe%
FIGURE 37
Removal of Injected Pb from Air Stream by an 
Iodine in Methyl Alcohol Scrubber
air sample - 500 p,g Pb/m3
Experimental Conditions
wavelength = 
s l i t  = 
H.C. current =
H.C. pressure = 
gain = 
air flow = 









at point: A- air on
B- set to zero
C- injection of Pb sample
D- injection off
E- air on, with scrubber in





s tre a m .
Thus, the use of the scrubbing agents offers con­
vincing proof that the in itia l absorption observed upon f ir s t  use 
of new graphite rods was due to lead impurities on the rods them­
selves .
5. Possible Interferants
A series of studies have been performed to determine 
the effect of possible interfering agents. While atomic absorption 
spectroscopy is relatively free from interferences, they do ex ist and 
their sources must be investigated. There are three main sources 
of interferences in atomic absorption, excitation, radiation, and 
chemical (£&•).
a. Excitation Interference
This type of interference occurs, for example, 
when an excited atom under investigation can transfer its  energy to 
another unexcited atom. Since atomic absorption spectroscopy u t i l i ­
zes ground state atoms, this phenomenon is unimportant. The normal 
flame utilized  excites very few atoms with the exception of alkali 
metals, since the required energy is relatively  low. Since the 
heated graphite rod atomizer used in this study operated at a temper­
ature substantially lower than the flame, no interference at a ll from 
this source was expected. Further, in the absorption tube, the 
temperature was reduced even further and excitation interference was 
even less likely.
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b. R ad ia tio n  In te r fe re n c e
This type of interference occurs when other 
species present emits light at the analytical wavelength. This 
light is not absorbed by the metal under investigation and a result­
ing drop in percentage absorption can occur. In normal atomic absorp­
tion, sources of this type of emission can be line emission from 
other elements, broad background emission from the atomizer and emis­
sion by the element being determined at its  own frequency (8 5 ) .
Since no flame was employed in this study, there 
was no source for background emission or excitation of other e le ­
ments in the sample. The graphite rods were emitting white light; 
however, they were offset in a side stem and not in the light path. 
Thus, none of this emitted light reached the detector. Also, no 
emission by lead at its  resonant wavelengths is expected due to the 
low temperature of the graphite rods and even i f  emission occurred, 
i t  was confined to the side stem of the absorption tube and could 
not reach the in let s l i t  of the monochromator. Thus, no excitation  
interferences were expected for this method.
c .  Chemical In te r f e re n c e
This type of interference has been observed for 
atomic emission and absorption processes. It is  caused by the in­
complete reduction of molecules to ground state atoms, or the forma­
tion of compounds not easily broken down by the atomizer. This type 
of interference does occur in the analysis for lead in aqueous media. 
The anions PO3” and 003“ , when present, cause a reduction of the
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absorption by lead (86). In order to study these effects on the 
method developed, a method of quantitative introduction of various 
inorganic lead compounds is required. Such methods are not presently 
available since this presents a problem that workers in the fie ld  of 
air pollution have not been able to solve (8 7 ). Thus, this type of 
interference was not investigated.
d. Chemical forms of Lead
Lead in the atmosphere normally exists as a 
particulate inorganic compound (88). Thus, i t  is  important to de­
monstrate that the method in this research can respond to both or­
ganic and inorganic compounds. It has already been shown that 
tetraethyl lead was reduced by the graphite rod atomizer and the ' 
absorption signals obtained from lead impurities must surely have 
come from an inorganic compound in the rods.
Further investigations with inorganic lead com­
pounds were undertaken. The introduction of an inorganic lead com­
pound into the atomizer proved to be quite d ifficu lt. No method 
could be devised for quantitative introduction. Introduction into 
the atomizer was accomplished by employing a small porcelain boat. 
This boat was f ille d  with reagent grade lead chloride and placed in­
side the quartz stem, shown in Figure 10, just behind the teflon  
in let plug. As the air entered the side-stern, i t  passed over this 
boat, filled  with PbCls, carrying a few particles of the sa lt with 
i t .  The absorption at 2170& of the lead atoms reduced from the in­
organic compound is shown in Figure 3 8* To prove that the absorption 
observed was due to lead, the wavelength was set at a neighboring
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FIGURE 38
A bsorp tion  by Lead from Lead S a l t s
Experimental C o n d itio n s
wavelength = 
s l i t  = 
gain = 
H.C. c u rre n t  =
H.C. p ressure  = 
RF power -  
a i r  flow = 
c h a r t  speed =
2170S
0 .2 0  mm 
maximum 
30 ma 
0 . 7 5  mm
6of0
1 .2  1 i t e r s /m in .  
0 . 2  in . /m in .
a t  p o in t :  A- i n j e c t  H20
B- i n j e c t  o f f
C- i n j e c t  100 ppm aquous Pb sample 
D- I n je c t  o f f
E- a i r  on , PbCl2 in  boa t
F- a i r  o f f







s p e c t r a l  l i n e ,  2175^ and no a b so rp t io n  o ccu rred . I f  the a b so rp t io n  
was due to  an ex traneous m olecu lar so u rc e ,  t h i s  c lo s e  l i n e ,  only  5 
angstroms away, would a l s o  have been absorbed . S im ila r  r e s u l t s  were 
ob ta ined  w ith  lead a c e t a t e  and te t ra m e th y l  le a d .  Also shown in  
F igure  38 is  the i n j e c t i o n  w ith  the  10 p,l sy r in ge  of w ater and a 100 
ppm aquous lead  sample. No a b so rp t io n  was o b ta in ed  upon in t ro d u c t io n  
o f p l a i n  w a ter  and an a b s o rp t io n  of approxim ate ly  3$ was observed 
w ith  th e  100 ppm le a d  sam ple. The low a b so rp t io n  by the lead  from 
the w a te r  sample was p ro bab ly  due to  incom plete ev ap o ra t io n  of the 
aqueous sample a t  the  t i p  o f  the  sy r in g e  n e ed le .  Thus, i t  has been 
dem onstrated t h a t  th e  metho.d w i l l  respond to  lead  in  the organ ic  o r 
in o rg an ic  s t a t e .
e . I n t e r f e r e n c e  by M olecular A bsorp tion
Workers in  t h i s  la b o ra to ry  have shown th a t  mole­
c u la r  fragm ents from o rg an ic  compounds can cause an in te r f e re n c e  in  
the flame atom izers o f normal atom ic a b so rp t io n  spectrophotom etry  
(89 ) .  The use of o rg a n ic  so lv e n ts  i s  q u i te  w idespread  and the s tu d y  
of th ese  in te r f e r e n c e s  was c e r t a i n l y  w e ll  j u s t i f i e d .
However, the  p o s s ib le  c o n c e n tra t io n  o f o rgan ic  
agents in  the atmosphere do n o t  approach the  l e v e l s  normally em­
ployed in  flame a to m iz e r s .  N e v e r th e le s s ,  a study was performed to 
determ ine the p o s s ib le  e f f e c t  o f  o rgan ic  compounds on the developed 
me thod.
.) h
(1) I n j e c t i o n  of Organic S o lv e n ts  in to  A ir  Stream
The o rgan ic  compounds were in tro d u c ed  in to  
the sample a i r  s tream  u s in g  the same procedure d e s c r ib e d  fo r  s ta n d ­
a r d i z a t i o n .  The 10 p,l Hamilton sy r in g e  was f i l l e d  w i th  each s o l ­
v e n t ,  p lac ed  on the  motor i n j e c t i o n  app ara tu s ,  the  n e e d le  in s e r te d
through th e  rubb er  p lug . An a i r  flow of 20 l i t e r s / m i n .  o f  a i r  from 
a compressed tank  was passed over the  t ip  of the  n e e d le .  The i n ­
j e c t i o n  r a t e  was 3*9 [il/m inu te .
For a rough c a lc u la t io n ,  assume t h a t  each 
o rg an ic  l i q u i d  had a d e n s i ty  o f 0 .5  grams/ml.
1000 u,l l iq u id  _ 3.9 U.1
0 .5  grams x grams
x = 2 x 10 3 grams/min. o f  compound i n je c t e d
th u s ,  2 x 10 3 g/min. was i n je c t e d  in to  20 l i t e r s / m i n .  o f  a i r  flow
2 x 10 3 g/20 l i t e r s  = 100 m ill ig ram s/cu b ic  m eter a i r
T h is ,  th e n ,  was the approximate c o n c e n tra t io n  of o rg a n ic  vapor e n te r ­
ing  the  a b s o rp t io n  tube . The r e s u l t s  of these  d a ta  a r e  p re se n te d  
in  Table VI.
The compounds employed were s e l e c te d  to  give 
a  good r e p r e s e n ta t io n  of fu n c t io n a l  groups. The on ly  a b s o rp t io n  ob­
se rved  was w ith  e th y l  a c e t a t e ,  i so -p ro p y l  a lcoh o l and th e  ha logens . 
I s o -p ro p y l  a lc o h o l  gave an a b s o rp t io n  of 3$ a t  2170$ and approx im ate ly  
1 <f0 a t  2833^* F a i lu r e  o f t h i s  compound to absorb a t  th e  n e ig hboring  
l i n e s  o f  2I 76& and 2803& g ives  s t ro n g  evidence o f le a d  im p u r i t ie s  and
Ik5
n o t  of m olecu lar a b so rp t io n .
A s im i l a r  a b so rp t io n  a t  2170& was obtained  
w ith  e th y l  a c e t a t e .  The absence h e re  a ls o  o f a b so rp t io n  a t  the 
ne ighboring  2I 76& l in e  in d ic a te s  im p u r i t ie s  of lead  p re s e n t  in  the 
so lv e n t .  No a b so rp t io n  was observed  a t  2833^* This i s  reasonab le  
s in ce  i t  has been shown p re v io u s ly  t h a t  the  2170& l in e  gave a much 
h igher  p e rcen tag e  a b so rp t io n  fo r  a g iven  sample than d id  the  l in e  
a t  2833^.
The o rg a n ic  c h lo r id e s ,  the bromo and the  
io d ide  compounds a l l  gave s i g n i f i c a n t  a b s o rp t io n  a t  the Pb resonance 
l in e s  a t  2170$  and 2833^. To d i f f e r e n t i a t e  between any a b so rp t io n  
by lead  im p u r i t ie s  i n  the  sample and m olecu lar a b s o rp t io n ,  a check 
of c lo se -b y  s p e c t r a l  ines was u n d e rtak en .
TABLE VI
E f f e c t  o f  Organic Compounds* in  A ir  Stream
4> A bsorp tion  a t ;
Pb Resonance L ines In a c t iv e  Lines
Compound 2170& 2833^ 2176& 2803&
w ater 0 0 0 0
n -b u ty l  a lc o h o l 0 0 • 0 0
iso -p ro p y l  a lc o h o l 3 ' 1 0 0
n -b u ty l  s u l f i d e 0 0 0 0
n -b u ty l  amine 0 0 0 0
nitrob en zen e 0 0 0 0
p y r id in e 0 0 0 0
a c e t o n i t r i l e 0 0 0 0
carbon t e t r a c h l o r i d e 38 20 39 17
chloroform 22 12 25 9
bromo benzene ■ 8 5 6 7
methyl io d id e 12 9 10 if
3M
TABLE VI (c o n tin u e d )










benzene 0 0 0 0
to luene 0 0 0 0
benzcldehyde 0 0 . 0 0
heptane .  0 0 0 0
hexane 0 0 0 0
ace tone 0 0 0 0
e th y l  a c e ta t e 2 0 0 0
cyclohexane 0 0 0 0
* Approximate c o n c e n tr a t io n  in  a i r  s tream  = 100 mg/m3
sample a i r  flow = 1 .2  l i t e r s / m i n .
As shown, v e ry  s im i la r  v a lu e s  o f  a b so rp t io n  were o b ta in ed  fo r  these  
i n a c t iv e  l i n e s .  This p re s e n ts  s t ro n g  evidence fo r  m olecular ab so rp ­
t io n .
The approxim ate c o n c e n tr a t io n  of the  sample 
a i r  s tream  was 100 mg/m3 . I t  i s  very  u n l ik e ly  t h a t  t h i s  much o rg an ic  
vapor w i l l  ev er  occur in  the  atm osphere. For t h i s  re a so n ,  a b so rp t io n  
by the  organo ha logens was re p e a te d ,  using  a more d i l u t e  sample con­
c e n t r a t i o n .
For these  s tu d i e s ,  the  m o to r-d r iven  sy r in g e  
i n j e c t i o n  r a t e  was 0 .8 3  M-l/min. This was the  r a t e  used f o r  the  
s t a n d a r d iz a t io n  p rocedures  p re v io u s ly  d e sc r ib e d .  Again , assume th a t  
each o rg a n ic  l i q u i d  had a d e n s i ty  o f 0 .5  grams/ml.
11*5
1000 u l l iq u id  0 .8 3  u.1 in je c te d  sample
0 .5  8* l iq u id  x grams in je c te d  sample
x k .2  x 10 4 grams/min. o f  compound in je c te d
th u s ,  1|.2 x 10 4 g/min. was i n je c t e d  in to  20 l i t e r s / m i n .  of u i r  flow
k .2  x 10 4 g /20  l i t e r s  = 21 m il l ig ra m s /c u b ic  meter a i r
T h is ,  then , g iv es  the approxim ate c o n c e n tra t io n  o f  the o rgan ic  vapor 
e n te r in g  the  s id e  stem fo r  a n a l y s i s .
shown in  Table V II. The p e rcen tag e  a b so rp t io n  fo r  the 21 mg/nr* a i r  
stream s has dropped to f iv e  fo r  CC14 and two fo r  CHCI3 . fro abso rp ­
t io n  was observed fo r  the Br and I  organo compounds. This concen­
t r a t i o n  i s  s t i l l  much h ig h e r  than  would be a n t i c i p a te d  fo r  ambient 
a i r .  Thus, no in te r f e r e n c e  due to  m olecu lar a b so rp t io n  would be exr 
pected  due the  ha logen  compounds.
The a b s o rp t io n  a t  2I 7O& by the ha logens is
TABLE V II
A bsorption by Halogen Compounds
Compound
<j0 A bsorp tion  a t  2I 7O&
100 mg/m3 21 mg/m3
carbon t e t r a c h l o r i d e  
chloroform  
bromobenzene 








Sample a i r  flow 83 1 .2  l i t e r s / m i n .
6. Proof of Lead Absorption
I t  has been s t a te d  th a t  the  observed a b s o rp t io n  of 
s p e c t r a l  r a d i a t i o n  was due to  the p resence  o f  lead . To con firm  t h i s ,  
sev e ra l  methods a re  a v a i l a b l e .
a. Absorption of Light from Continuous Source
F i r s t ,  a b so rp t io n  by atoms of t h e i r  r e s o n a n t  
r a d i a t i o n  from a continuous so u rce , such as the hydrogen lamp, i s  
very  d i f f i c u l t  to  d e t e c t .  S ince the n a tu r a l  s p e c t ra l  w id th  o f  ab­
so rp t io n  fo r  an atom i s  about 10 4 angstroms (90 ) ,  t h i s  ve ry  narrow 
s l i c e  of a b s o rp t io n  from a range o f two or th re e  angstroms i s  p ra c ­
t i c a l l y  im possib le  to  d e t e c t .  With monochromators of h ig h e r  r e ­
so lv ing  power t h i s  can , and has been done. The band pass of the  
monochromator employed in  t h i s  work was 2. to  K angstroms.
F ig u re  39 shows the  a b so rp t io n  by le a d  a t  2833^ 
of l i g h t  from a hollow  cathode lamp and a hydrogen lamp. A 70^ 
a b so rp t io n  was observed when the H.C. lamp was used and zero  w ith  
the hydrogen lamp. This g ives  s tro n g  su p p o r t  to the p rop osa l  o f  
ab so rp t io n  by le a d .
b .  Absorption of Active and Inactive Lines from £
Hollow Cathode Lamp
Another p roof fo r  lead  a b so rp t io n  i s  the  f a c t  
th a t  re so n a n t  s p e c t r a l  l i n e s  of lead  were absorbed w hile  those  
ne ighboring  l i n e s  a re  n o t  absorbed . Data has p rev io u s ly  been i n t r o ­
duced which showed th a t  the  lead  l in e  a t  2833& was absorbed upon
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FIGURE 59
A bsorp tion  by Lead of L ig h t  from Two Sources
sample - Pb im p u r i t ie s  from g ra p h i te  rods
Experimental C on d itio n s
wavelength = 2855^
s l i t  = 0 .1 0  mm
g ain  = 0 .0 4
H.C. c u r re n t  = 20 ma (co n v en tio n a l  lamp used)
c h a r t  speed = 0 .5  in . /m in .
RF power = 6O</0
a i r  flow = 1000 cc /m in .
a t  p o in t :  A- a i r  flow on, Hydrogen lamp used
B- o f f  " . " "
C- a i r  flow on, Pb H.C. lamp used












passage o f  a t e t r a e t h y l  lead  c o n ta in in g  a i r  sample w hile  the c lo se  
by l i n e s  a t  2803$ and 2875$ were n o t .  This a ls o  g ives conv inc ing  
evidence o f  le a d  a b so rp t io n .
c . Absorption upon Introduction of Lead Containing 
Samples
The in t r o d u c t io n  of benzene in to  the  sample a i r  
stream  was p re v io u s ly  shown to  cause no a b so rp t io n  a t  the  r e s o n a n t  
lead  l i n e  o f 2170$. However, when t e t r a e t h y l  lead  was added to  
th i s  o rg a n ic  compound and in tro d u ced  in to  the a i r  sample flow stream , 
a b so rp t io n  of th e  l i n e  a t  2170$ was observed . T h is ,  to o ,  g iv es  
s t ro n g  ev idence  fo r  le a d  a b so rp t io n .
7. Lifetime of Graphite Rods
As p re v io u s ly  d is c u s se d ,  th e  sp e c tro sc o p ic  g ra p h i te  
rods used in  t h i s  r e s e a rc h  co n ta ined  im p u r i t ie s  of le a d .  These im­
p u r i t i e s  were shown to  be removed a f t e r  a i r  had passed over  the  rods 
fo r  a l i t t l e  more than  an hour. V isua l  o b se rv a t io n  in d ic a te d  th a t  
a t  t h i s  p o i n t ,  approxim ate ly  25$ of th e  rods  had been consumed. I f  
the a i r  s tream  were co n tin u o u s ly  passed  over these  ro d s ,  they  would 
be app rox im ate ly  75$ consumed a f t e r  fo u r  h o u rs .
However in  o p e ra t io n ,  the  a i r  flow was c u t  o f f  when 
samples were n o t  a c tu a l ly  being an a ly ze d .  This gave an average  
u sab le  l i f e  o f about 16 h o u rs .  I n s e r t i o n  of new rods cou ld  be done 
q u ic k ly ,  so t h e i r  consumption was n o t  a s e r io u s  problem. For the 
con tinuous m on ito ring  o f  a i r  from the  atm osphere, a longer l i f e t im e
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of  rods would be d e s i r a b le .  This could  be accomplished by the use of 
lon ger  ro d s .  This p o in t  w i l l  be d is c u sse d  f u r th e r  in  the  conclud ing  
rem ark s .
8 . E xp lanation  o f  Shape o f  A bsorp tion  Curves
I t  was observed t h a t  when the a i r  flow was f i r s t  
tu rned  on and passed in to  the  a b s o rp t io n  tu b e ,  a la rg e  a b so rp t io n  
was rec o rd ed , which slowly f e l l  o f f .  F ig u re  k-0 shows t h i s  phenomenon. 
In  t h i s  c a se ,  a t e t r a e t h y l  le a d  c o n ta in in g  a i r  sample had j u s t  been 
ru n .  I t  i s  proposed th a t  when t h i s  le a d  c o n ta in in g  a i r  s tream  was 
tu rned  o f f ,  the g ra p h i te  rods scavenge the  s tan d in g  a i r  around 
them, c o l l e c t i n g  lead  atoms. Then, when the a i r  flow was again  
tu rned  on, th e re  were a la rg e  number o f  lead  atoms suddenly pushed 
ou t o f the  s id e -s te m  in to  the  a b s o rp t io n  tu b e ,  causing  a la rg e  ab­
s o r p t io n .  As t h i s  la rg e  lo c a l  c o n c e n tr a t io n  was swept ou t  o f  the 
system , the a b so rp t io n  f a l l s  o f f  u n t i l  i t  reaches  the le v e l  o f ab­
s o r p t io n  caused by the incoming a i r .  I f  no lead  is  p re s e n t  in  the 
a i r  s tream , then  the  a b so rp t io n  should  f a l l  to  z e ro ,  as shown in  
F ig u re  l)-0. The time i t  takes fo r  the  a b so rp t io n  to  f a l l  to  zero  
r e p re s e n ts  the  hold-up  time fo r  lead  on the  g ra p h i te  ro d s .  In  the 
example shown, t h i s  time was 5 m inu tes .
C. APPLICATION OF METHOD TO OTHER METALS
1 . Mercury
a .  Mercury Hollow Cathode Lamp
Mercury was chosen as  an elem ent fo r  a n a ly s is
FIGURE 1*0
D u ra tio n  of Lead on G raph ite  Rods
Experim ental C onditions
wavelength
s l i t
ga in
H.C. c u r r e n t  
H.C. p re s su re  
c h a r t  speed 
RF power 
a i r  flow
= 2170&
0 .20  mm 
maximum 
29 ma
0 .70  mm
0 .5  in . /m in .
= 1 .2  l i t e r s / m i n .  (compressed
5  min.
air on
air o f f
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s in c e  a source of mercury re so n a n t  r a d i a t i o n  was r e a d i ly  a v a i l a b l e .  
The vacuum system fo r  o p e ra t io n  of the  c o n s tru c te d  demountable lamp 
p re v io u s ly  d escr ib ed  had a mercury f i l l e d  vacuum gauge connected  to  
i t .  The vapor p re s su re  of mercury a t  room tem perature  i s  a p p ro x i­
m ately 0.001  mm (9 1 ) .
This minute amount o f  mercury was s u f f i c i e n t  
to  o b ta in  i t s  em iss ion  i n  the  demountable hollow cathode lamp. The 
spectrum  of th i s  lamp in  the  re g io n  of 25OO& i s  shown in  F ig u re  lj-0. 
The Hg l in e  a t  253T& was w e ll  s e p a ra ted  from any o th e r  l i n e s  in  t h a t  
re g io n  and was in te n s e  enough to  a llow  a moderate ga in  and s l i t  
s e t t i n g  to  be employed.
b. A bso rp tion  by Mercury
To confirm  the a b i l i t y  of the developed method 
to  d e te c t  mercury, 2 ml o f  mercury m etal was p laced  in  the  system 
by removing the ru b b er  i n j e c t i o n  p o r t  shown p rev io u s ly  in  F ig u re  12 
and a i r  from a compressed tank  was passed over i t  a t  1 .2  l i t e r s / m i n .  
The r e s u l t i n g  a b so rp t io n  a t  253T& i s shown in  F igu re  ifl.
A lso  shown in  F ig u re  ^1 i s  the  a b so rp t io n  by 
mercury from m ercuric c h lo r id e ,  re a g e n t  g rad e , which was p laced  in  a 
sm all p o rc e la in  b o a t  as  d e sc r ib e d  p re v io u s ly  fo r  lead  c h lo r id e .
Thus, th e  g ra p h i te  rod  a to m ize r  was capable  o f reducing  mercury s a l t s  
to  the atomic s t a t e .
To prove t h a t  the  a b so rp t io n  was due to  mercury 
a check fo r  a b so rp t io n  a t  a n o n -a c t iv e  s p e c t r a l  l i n e ,  2530^  was 




Experim ental C ond itions
H.C. p re s s u re  = 0 .75  mm
H.C. c u r r e n t  = 25 ma
g a in  = 0.005





w aveleng th  (A)
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FIGURE k2
A bsorp tion  by Mercury
sample - Hg m etal and HgCl2
Experimental C ond itions
wavelength = 253T&
s l i t  = 0 .1 0  mm
gain  = 0.005  
H.C. c u r re n t  = 50 ma
H.C. p ressu re  = 0 .7 0
a i r  flow = 1 .2  l i t e r s / m i n .  
c h a r t  speed = 0 .2  in . /m in .
RF power =
a t  p o in t :  A-' a i r  on , ' blown over Hg°
B- a i r  o f f
C- a i r  on, blown over HgCl2 in  boa t •
D- a i r  o f f
E- boat ou t  
F- a i r  on
G- a i r  o f f
H- X = 2530A, 1 .2  1/min. a i r  blown over 
H2C12 in  b o a t  














m olecular sp ec ies  would have absorbed both l in e s  s in ce  they were 
only 7 angstroms a p a r t .
2 . A rsen ic
a * A rsenic Hollow Cathode Lamp
To c o n s t ru c t  a  source  o f a r s e n ic  em iss ion , the 
demountable lamp was dissembled and a few sm all p ieces  of a r s e n ic  
metal was p laced  in  the  cathode chamber. The lamp was ree v ac u a te d ,  
argon flow through th e  lamp r e s t a r t e d ,  and the  lamp was f i r e d .  The 
a rs e n ic  in  the  cathode  was p ro fu se ly  s p u t te r e d  and q u ick ly  formed a 
b lack  d e p o s i t  on th e  lamp w a l ls .
A f te r  sev e ra l  m inutes of o p e ra t io n ,  a spectrum 
of the lamp em iss ion  was taken and i s  shown in  F igu re  43. E x p er i­
mental c o n d it io n s  a re  l i s t e d  on the  t i t l e  page fo r  F igu re  43. The 
a r s e n ic  s p e c t r a l  l i n e s  a re  i d e n t i f i e d  in  th e  spectrum .
b. A bsorption  by A rsen ic
As described  fo r  le a d  and mercury s a l t s ,  a  boa t 
f u l l  of As203 was p laced  in s id e  the  s id e -s te rn  tube . An a i r  flow o f
1 .2  l i t e r s / m i n .  of compressed a i r  was passed over the f i l l e d  bo a t  
and the a b so rp t io n  a t  the As l in e s  a t  2349, 2288 and 2456& a re  
shown in  F igu re  44. A bsorption o f  over 80$ was observed a t  each 
s p e c t r a l  l i n e .  No a b so rp t io n  occurred  a t  these  As wavelengths upon 
passage o f  a i r  w i th o u t  the a r s e n ic  samples in  p la c e .  F u r th e r  s tu d ie s  
o f th i s  element were d e fe rred  to f u tu r e  w orkers s in ce  an adequate 




A rsen ic  Spectrum
Experim ental C onditions
H.C. p re s su re  = 0 .70  mm
H.C. c u r r e n t  = 10 ma








A bso rp tion  by A rsenic
sample -  As2C>3 in  boat
E xperim enta l Conditions
s l i t  = 0 .1 0  mm
H.C. c u r r e n t  = 10 ma 
g a in  = 0 . 0^
RF power = 60$
a i r  flow = 1 .2  l i t e r s / m i n .
c h a r t  speed = 0 .2  in . /m in .
fo r  cu rve : A- p l a i n  a i r ,  X = 23^9&
B- p la in a i r ,  X =
C- p la in a i r ,  X =
D- A.SqOq i n  b oa t,
E- As203 i n  b o a t ,
F- AS2O3 in  b oa t,
X = 23k$&. 







been dem onstrated t h a t  an a rs e n ic  lamp can be q u ic k ly  prepared  and 
the  g ra p h i te  rod atomozcr was able  to reduce  a r s e n ic  compounds to 
the  m e ta l l ic  s t a t e  and a b so rp t io n  o b ta ined .
The work w ith  mercury and a r s e n ic  was n o t  done 
in  a r ig o ro u s  manner. I t  was presen ted  on ly  as an in d ic a t io n  th a t  
th e  method was f e a s i b l e  f o r  o th er  atoms. The g r e a t  d i f f i c u l t y  of 
in tro d u c in g  in o rg an ic  compounds of these  e lem ents q u a n t i t a t iv e ly  
cou ld  n o t be accom plished. As mentioned p r e v io u s ly ,  t h i s  i s  a p ro ­
blem o f  major p ro p o r t io n  and has n o t  been i n v e s t ig a t e d  during  t h i s  
r e s e a r c h .
D. EXPLANATION OF CONCENTRATION UNITS AND ABSOLUTE
DETECTION LIMIT OF THE METHOD
The u n i t  used to  express c o n c e n tr a t io n  of the a i r  stream s 
was micrograms per cub ic  m eter (ixg/m3 ). This u n i t  has  been used 
e x te n s iv e ly  in  the l i t e r a t u r e .  However, many w orkers in  the  f i e l d  
o f  a i r  p o l lu t io n  r e p o r t  d a ta  in  terms of p a r t s  p e r  m i l l io n  (ppm).
T h e re fo re ,  the  d e te c t io n  l i m i t  r e p o r te d  in  t h i s  re se a rc h  
i s  now p re sen te d  in  o th e r  commonly used te rm s . The c o n c e n tra t io n  
o f an organ ic  vapor in  the  a i r  in  terms o f  ppm i s :
1 ppm = 1 ml vapor/me t e r 3
To determ ine  the  amount of t e t r a e t h y l  lead  vapor c o n ta in ed  in  1 ml,
grams TEL = g  ̂ “ 1 4 .4  mg
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Thus, 1 ppm of TEL in  the atmosphere i s  equal to :  •
Hi-A mg/meter3 
In terms of le a d ,  a 1 ppm a i r  c o n c e n tra t io n  i s  equal to :
9 .2  mg/meter3
The low est c o n c e n tra t io n  of lead  d e te c ta b le  in  a i r  by the developed 
method was 10 (ig Pb/m3 . In terms o f ppm, the  d e te c t io n  l im i t  f o r  
lead  w as:
O.OOH ppm
To c a lc u la te  the a b so lu te  d e te c t io n  l i m i t  of the method 
thus f a r  developed, the volume of th e  a b so rp t io n  tube was used . This 
volume wa's 350 nil. S ince the  low est d e t e c t i b l e  a i r  c o n c e n tra t io n  
was 10 {Jig Pb in  1000 l i t e r s ,  the low est q u a n t i ty  of lead  t h a t  could  
be d e te c te d  by the method was:
35 x  10 10  grams
Some workers express  d e te c t io n  l im i t s  in  terms o f the 
sample s iz e  re q u ire d  fo r  the d e te c t io n  o f 1  p,g of sample, f o r  l e a d ,  
t h i s  f ig u r e  was:
1 |Ag Pb/110 ml a i r
IV . SUMMARY
A new a to m iza tio n  method fo r  atomic a b so rp t io n  Bpectroscopy has 
been in v e s t ig a te d .  The a p p l i c a t io n  of th i s  new method to  the d i r e c t  
d e te rm in a tio n  o f m eta ls  in  the  atmosphere has been s tu d ie d .  The 
elem ent lead  was the p r i n c i p a l  a i r  p o l lu ta n t  in v e s t ig a te d .
E x is t in g  methods o f  a n a ly s i s  f o r  lead  in  the atmosphere involve 
the  c o l l e c t io n  and sc rubb ing  of g r e a t  volumes of a i r ,  c o n c e n tra t io n  
o f samples and f i n a l l y  the  a n a ly s i s  i t s e l f .  These methods w i l l  y i e ld  
on ly  the  average c o n c e n tra t io n  of le a d  during  the time o f  sample 
c o l l e c t io n .  However, the  method which was d isc u sse d  in  t h i s  d i s s e r ­
t a t i o n  w i l l  a llow  in s ta n ta n e o u s  v a lu es  of lead  c o n c e n tra t io n  to  be 
o b ta in ed .
This r a p id  a n a ly s i s  o f  a i r  was most im portan t s in c e  i t  was de­
s i r e d  to  produce a method which could be taken  in  the  f i e l d ,  i . e .  on 
th e  highways and c i t y  s t r e e t s ,  and the  a n a ly s is  performed r i g h t  where 
the problems of p o l lu t io n  a re  most p re v a le n t .
The d e te rm in a tio n  was based on the  p rod uc tion  o f  n e u t r a l  lead  
atoms and t h e i r  a b so rp t io n  o f  re so n a n t  r a d i a t i o n .  I t  d i f f e r s  from 
normal atomic a b so rp t io n  in  t h a t  the  source of n e u t r a l  atoms was a 
long  pa th  q u a r tz  tube w i th  a  s ide -s te rn  c o n ta in in g  g ra p h i te  ro d s .
These rods were hea ted  by in d u c t io n  v ia  a 5 KVA ra d io  frequency gen­
e r a t o r  to  approxim ately  1200°C.
At t h i s  tem pera tu re ,  carbon r e a c t s  w ith  oxygen to  form, almost 
e x c lu s iv e ly ,  carbon monoxide. The carbon monoxide, in  tu r n ,  r e a c t s  
w i th  any lead  atoms p r e s e n t ,  reduc ing  the  lea d  to  i t s  ground s t a t e .
A g re a t  p o r t io n  o f  th e  r e s e a rc h  was d i r e c te d  toward the
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c o n s t ru c t io n  of an ap p ara tu s  which would perform the  r e q u ire d  ta s k .
A new demountable lamp was c o n s t ru c te d  fo r  the  e x c i t a t i o n  o f  lead  
reson an t r a d i a t i o n .  This lamp proved to  be q u i te  s t a b le  in  o p e ra t io n  
and had a h ig h e r  s p e c t r a l  o u tp u t than  the comm ercially a v a i la b le  
se a le d  lamps. This lamp allowed the  ra p id  exchange o f  m etal to  be 
e x c i te d  and i t s  consumption of c a r r i e r  gas was v e ry  sm a ll .  During 
the 1^ month p e rio d  t h a t  t h i s  demountable lamp was used , the  argon 
tank p re s su re  f e l l  from 2600 to  2200 l b s . / i n . 2 . Thus, only kOO l b s . /  
i n .2  o f  a rgon  was used du rin g  the pe riod  of in v e s t ig a t i o n .
S tu d ie s  were performed to  determ ine the optimum o p e ra t in g  con­
d i t io n s  f o r  the  lamp. The c a r r i e r  gas p re ssu re  in s id e  the lamp was 
found to be q u i te  c r i t i c a l .  The use of a demand flow gas r e g u la to r  
allowed o p e ra t io n  of the  lamp in  the  most fav o ra b le  p re s su re  ran g e .
The em iss ion  o f  the  le a d  l i n e  a t  21J0& in  commercial lamps i s  q u i te  
weak. The demountable lamp c o n s t ru c te d  fo r  t h i s  r e s e a rc h  gave an 
i n t e n s i t y  a t  t h i s  w avelength  which allowed t h i s  l i n e  to  be u t i l i z e d .  
This lamp was a l s o  found n o t  to  s u f f e r  from the  e f f e c t s  o f  resonance  
l in e  r e v e r s a l  as do the  commercial lamps.
The performance o f  the  g ra p h i te  rod a tom izer has been i n v e s t i ­
g a ted . I t  was thought i n i t i a l l y  t h a t  t h i s  method might n o t  work s ince  
h o t  carbon i s  a l s o  an e f f i c i e n t  scrubbing  agent f o r  m e ta ls .  At the 
tem pera tures  employed fo r  t h i s  s tu d y , the hold-up  time of the lead  
atoms on the  carbon rods was shown n o t  to  p re s e n t  any major problem.
Four methods of s ta n d a r d iz a t io n  o f  the method have been i n v e s t i ­
g a ted . S ta n d a rd iz a t io n  was ex trem ely  d i f f i c u l t  a t  the  c o n c e n tra t io n  
l e v e l 8 o f  the  developed method, and the  r e s u l t s  ob ta in ed  were n o t  
com plete ly  s a t i s f a c t o r y .  The i n j e c t i o n  o f  p repared  TEL vapor sample
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volumes and the  passage o£ a i r  through le a d  c o n ta in in g  s o lu t io n s  was 
concluded to  be o f  l i t t l e  va lue  fo r  a c c u ra te  s t a n d a r d iz a t io n .
•The method u t i l i z i n g  a d i r e c t  i n j e c t i o n  of TEL in to  the  sample 
a i r  s tream  was found to  be u se fu l  fo r  d e te rm in in g  p a ra m e te rs ,  how­
e v e r ,  th e re  was a  h igh  percen tage  e r r o r  in  re a d in g  a b s o rp t io n  v a lu e s .  
The s t a n d a r d iz a t io n  method which showed th e  most promise was the 
d i f f u s i o n  method. This method a llow s the  TEL vapor to  be swept in to  
the  system  and does h o t  r e q u i re  r a p id  e v a p o ra t io n  o f  the  TEL as d id  
the  d i r e c t  i n j e c t i o n  method.
The d i f f u s io n  r a t e  o f pure TEL i n to  an a i r  s tream  was d e t e r ­
mined. This v a lu e  had a s tan d ard  d e v ia t io n  of 12$. This va lue  was 
n o t  too h ig h ,  c o n s id e r in g  the v e ry  low c o n c e n tr a t io n  l e v e l s  employed. 
However, a more im portan t e r r o r  in  t h i s  method was observed when the 
a i r  s tream s were mixed. The r a t e  o f d i f f u s i o n  o f TEL was too h igh  to  
a llow  a s in g le  a i r  stream  to  be passed  through th e  d i f f u s i o n  c e l l  and 
in to  the  a b so rp t io n  tube . Thus, t h i s  T EL-contain ing  a i r  s tream  was 
mixed w ith  a pure a i r  stream  and a p o r t io n  o f  the  combined s tream  was 
passed  in to  the  a b so rp t io n  tube. This o p e ra t io n  re q u i r e d  3 flow 
m eters and only  one o f good q u a l i ty  was a v a i l a b l e .  The e r r o r s  in ­
volved in  re a d in g  the  flow r a t e s  caused a p robab le  e r r o r  o f  20$ o r 
h ig h e r  w ith  the  poorer  flow m eters . The combined e r r o r s  in  weighing 
and flow measurement could cause e r r o r s  o f app rox im ate ly  30$ in  
TEL c o n c e n tr a t io n .
S tu d ie s  were performed to  de term ine  th e  o p e ra t in g  parameters- o f  
the method. The e f f e c t s  o f lamp c u r r e n t ,  s l i t  w id th ,  rod  tem p era tu re ,  
a i r  flow r a t e ,  sample in je c t i o n  r a t e ,  l i f e t i m e  o f  carbon ro d s ,  choice  
o f  a n a l y t i c a l  method, r e p e a t i b i l i t y ,  l i m i t s  o f  d e te c t io n  and p o s s ib le
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i n t e r f e r a n t s  were in v e s t ig a te d .
Various methods fo r  the  removal o f lead  from the  a i r  were a l s o  
i n v e s t i g a t e d .  This led  to  th e  d isc o v e ry  t h a t  the  g ra p h i te  ro d s  being 
used c o n ta in e d  lea d ,  even when o th e r  a n a ly s i s  method showed, none 
p re s e n t .
The a tom izer  was shown to  respond  to  o rgan ic  and in o rg an ic  forms 
of le a d .  A bsorp tion  of le a d  re so n an ce  l i n e s  were observed when t e t r a -  
e t  y l  le a d  and lead  c h lo r id e  were passed  in to  the a b so rp t io n  tu b e .
This study  was not complete s in c e  no method fo r  the  q u a n t i t a t i v e  in ­
t ro d u c t io n  o f inorganic  compounds was a v a i l a b l e .  I t  h a s ,  a t  l e a s t ,  
been dem onstra ted  th a t  the  carbon  ro d  a tom izer cou ld  reduce a PbCl2 
molecule to  a n e u tra l  lead  atom. T h is  method a ls o  could be a p p l ie d  
to  o th e r  m e ta ls .
P re l im in a ry  s tu d ie s  w ith  a r s e n i c  and mercury have been perform ed. 
The em iss ion  o f  these e lem ents in  th e  demountable hollow cathode 
lamp has been observed, and s tu d ie s  w ith  these  sources in d ic a te  th a t  
mercury and a r s e n ic  compounds can  be reduced to  t h e i r  n e u t r a l  atoms.
PART I I
CONSTRUCTION OF DEMOUNTABLE HOLLOW CATHODE LAMPS 
FOR THE STIMULATION OF EMISSION OF ORGANIC 
AND INORGANIC PHOSPHORUS COMPOUNDS
I .  INTRODUCTION
The hollow cathode lamp has been em inently  s u c c e s s fu l  as a 
source  of r a d i a t i o n  fo r  atomic a b s o rp t io n  sp ec tro sco p y . I t  p rov ides 
a spectrum  w ith  very  narrow em ission  l i n e s ,  and t h i s  f a c t  has c o n t r i ­
buted  s i g n i f i c a n t l y  to  the  s e n s i t i v i t y  and s e l e c t i v i t y  of atomic 
a b so rp t io n  sp ec tro sco p y .
I t  was decided to  study the same system as a source o f  r a d i a ­
t io n  fo r  m olecular em iss ion . I t  was a n t i c ip a te d  t h a t  the p rocess  o f 
e x c i t a t i o n  would be s im i la r  to  t h a t  encountered  w ith  atoms; i . e . ,  
io n iz a t io n  and a c c e le r a t io n  of the f i l l e r  gas causing  e x c i t a t i o n  
through c o l l i s i o n  w ith  the cathode su r fa c e  and w ith  gas m olecu les .
This re se a rc h  was a p a r t  o f  an in te n s iv e  i n v e s t i g a t io n  of mole­
c u la r  and m olecular fragment em iss ion  undertaken  in  our l a b o r a to r i e s .  
V. J .  Smith has in v e s t ig a te d  the em iss ion  and a b so rp t io n  o f  o rgan ic  
m olecules and o rgan ic  fragments in  v a r io u s  flames (9 2 , 9 3 )* D.
T r u i t t  has s tu d ie d  the em ission and a b s o rp t io n  of o rgan ic  compounds 
and fragments in  an in d u c t io n  co u p led , r a d io  frequency plasma (9^ ) .
S im ila r  em iss ion  s tu d ie s  w ith  s p e c i a l l y  c o n s tru c te d  hollow 
cathode lamps have been performed by the a u th o r  and o th e r  w orkers . 
Rosemond and T r u i t t  have s tu d ied  the  em iss ion  from compounds c o n ta in ­
ing  n i t ro g e n  in  a hollow cathode lamp (95) > Rosemond and Robinson 
have r e p o r te d  the m olecu lar em ission  of benzene s t im u la te d  in  a 
s p e c i a l l y  c o n s t ru c te d  lamp employing h e a ted  f i la m e n ts  (9 6 ) .  This 
a u th o r  has s tu d ied  the em ission of compounds c o n ta in in g  phosphorus 
and the  r e s u l t s  o f t h i s  i n v e s t ig a t io n  a re  p re se n te d  h e re .
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The commercially a v a i la b le  e lem enta l hollow cathode lamp is  
u s u a l ly  se a le d .  An abundant supply  of e x c i ta b le  sample element i s  
a v a i la b le  in  the ca thode . This i s  u su a l ly  s u f f i c i e n t  fo r  sev era l  
hundred hours o f  o p e ra t io n .  However, i t  was no t expected  th a t  th i s  
would be tru e  i f  m olecules were used in  p lace  of atoms in  the ca thode, 
p a r t i c u l a r l y  the more v o l a t i l e  o rgan ic  compounds.
I t  was th e re fo re  decided  to  des ig n  a demountable hollow cathode 
lamp in  which the  sample compound could  be r e a d i ly  r e p la c e d .  The 
demountable hollow cathode lamp re p o r te d  by K oirtyohann and Feldman 
(97) use w ith  m etal and m etal s a l t s  was adopted fo r  the basic  
d e s ig n  of the f i r s t  demountable u n i t s  to  be used on t h i s  p r o je c t .  A 
model was th e re fo re  c o n s t ru c te d  which was ve ry  s im i la r  to  th a t  
d e sc r ib e d  by these  w orke rs .
I t  was found e x p e r im e n ta l ly  t h a t  t h i s  lamp was n o t  w e ll  su i te d  
fo r  s t im u la t in g  the  em iss ion  o f  o rgan ic  compounds fo r  se v e ra l  re a so n s ,  
the  most im portant one be ing  t h a t  o f  e l e c t r i c a l  s h o r t in g .  The dimin- 
s io n s  o f  th i s  lamp were q u i te  sm a ll :  the d is ta n c e  "from anode to
cathode was sh o r t  (about 2 cm) and spark ing  took p lace  between them.
Upon in tro d u c t io n  o f o rg an ic  s o l i d s ,  t h i s  problem was compounded 
by the  d e p o s i t io n  of carbonaceous m a te r ia ls  on the s id e s ,  e le c tro d e s  
and upon the  small q u a r tz  window. In  g e n e ra l ,  sp e c t ra  ob tained  from 
t h i s  lamp were u n s ta b le  and e r r a t i c ,  and exceed ing ly  d i f f i c u l t  to  
rep rod uce .
T h ere fo re ,  t h i s  lamp was d isc a rd e d  and a s e r i e s  o f demountable 
a l l - g l a s s  lamps were c o n s t ru c te d .  Their  performance i s  described  
in  t h i s  d i s s e r t a t i o n .
I I .  EXPERIMENTAL
A. EQUIPMENT
The schem atic diagram of the equipment i s  shown in  F igure  
J+5* A ll  d a ta  re p o r te d  h e re  were ob ta ined  using  a J a r re l -A s h  Atomic 
A bso rp tion  Spectrophotom eter w ith  m o d if ic a t io n s .  A course  and f in e  
g a in  c o n tro l  was i n s t a l l e d  in  the a m p l i f ie r  and the  o p t ic a l  len s  
mounts were re v e rse d  to e l im in a te  the t r i p l e  pass  system norm ally  
used in  atomic a b so rp t io n  work. The DC power supply to  the hollow 
cathode lamp was the same as t h a t  used by th e  J a r re l -A s h  in s trum en t 
in  atom ic a b so rp t io n  work.
Recorder The s p e c t r a  were reco rded  on a Beckman 10 in .  
s t r i p  c h a r t  r e c o rd e r .  This r e c o rd e r  had a f u l l  s c a le  pen response  
o f  about 1 A  second. This f e a tu r e  was considered  most d e s i r a b le  
s in c e  very  sharp  s p e c t r a l  l in e s  were scanned a t  a f a s t e r  r a t e  than 
could  be ob ta ined  w ith  o th e r  servo  re c o rd e r s .
Vacuum Pump A 10 l i t e r / m i n .  vacuum pump from Welsh Co. 
was used fo r  evacua tion  of the  c o n s tru c te d  l i g h t  so u rc e s .
Compressed Gases The c a r r i e r  gases employed in  these  
s tu d ie s  were Argon, Helium and N itrog en . These gases were purchased 
from lo c a l  so u rc es .
Gas R egu la to rs  Double s tage  gas r e g u la to r s  from Matheson 
Co. were employed fo r  d e l iv e ry  o f  gases from the tank  to  the system.
A s p e c ia l  demand flow r e g u la to r  from Matheson Co. was used to  supply 
from 0 to  J60 mm p re s su re  to  the demountable lamps.
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A ll chem icals  employed in  th i s  r e s e a rc h  were of r e a g e n t -  
grade q u a l i ty  and, w i th  th e  e x cep tio n  of d i s t i l l i n g  t r i e t h y l  ph os­
p h a te ,  no f u r th e r  p u r i f i c a t i o n  s te p s  were tak en .
C. CONSTRUCTION OF DEMOUNTABLE HOLLOW CATHODE LAMPS
1 . C o n s t ru c t io n  and O peration of A l l -Metal Lamp
As p re v io u s ly  mentioned, the demountable lamp de­
s c r ib e d  by Koirtyohann was c o n s t ru c te d .  A diagram of th is  lamp i s  
shown in  Figure k6 . The d im insions of th i s  lamp were:
t o t a l  le n g th  (assembled) = k-,5 in .
cathode leng th  = 1 .5  in .
' ca thode  d iam eter = 0 .7 5  in .
I .D . o f anode = 0 .9 0  in .
le n g th  of i n l e t  and
o u t l e t  tubes = 6 .0  in .
The lamp was c o n s tru c te d  from b ra s s  and employed 
neoprene o -r in g s  f o r  a vacuum f i t  o f  the removable cathode e lem ent 
and q u a rtz  window. The window was 1 in .  sq u a re .  A major d i s a d ­
van tage  of th i s  lamp was t h a t  th e  body served  as the anode. T his  
f a c t  made e l e c t r i c a l  i n s u l a t i o n  necessa ry  and alignm ent d i f f i c u l t .
In o p e ra t io n ,  t h i s  lamp proved q u i te  u n su i ta b le  f o r  
s e v e ra l  reasons . Most im p o rtan t  of these  was the  e l e c t r i c a l  s h o r t ­
ing between cathode and anode. This f a c to r  caused very  e r r a t i c  s i g ­
n a ls  and thus c o n s i s t a n t  d a ta  could  no t be rec o rd ed . Another se v e re  
l im i t a t i o n  of th i s  lamp was a tendency fo r  th e  quartz  window to fog 
e a s i l y .
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This lamp was shown to perform badly with organic and 
inorganic phosphates and meaningful data could not be taken for this 
reason. This lamp was discarded and a series of glass lamps was 
constructed.
2. Construction of A ll-Glass Demountable Lamps
A series of five a ll-glass lamps were constructed.
The materials of construction were pyrex glass tubing of various 
diameters, ground glass jo in ts, and ground glass joints which were 
grooved for neoprene o-rings. The optical windows employed were of 
quartz or fused s ilica  and disc-shaped. These windows had diameters 
ranging from 7/8" to 3 inches. The front ends of the lamps were 
ground f la t , the windows were then sealed to this fla t surface with 
a low vapor pressure epoxy resin available from Varian Associates.
A coating of Sealit insulating paint was applied after the epoxy had 
hardened (usually 2k  hours).
This provided an excellent vacuum seal and was found 
to perform without leakage for extended periods of time. It was, 
however, necessary to re-seal the quartz windows on the lamps de­
signed for stimulating the emission of organic compounds. This was 
required since operation of these lamps produced considerable de­
composition products and were cleaned with various solvents and acids.
The electrodes were sealed through the glass walls by 
using special uranium glass bead seals. These seals had a small glass 
bead fixed on a nickel electrode. This glass bead could be fused 
with the pyrex glass of the lamp and a vacuum-tight seal achieved. 
After several months of operation, these seals showed leakage to
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varying degrees. However, this was eliminated by painting the seals 
with Sealit paint.
D. OPERATION OF THE DEMOUNTABLE LAMPS
1. Sample Flow Systems
The systems constructed for introduction of carrier 
gas and samples are shown in Figures k j  and +̂8 . The carrier gas 
employed was argon. This gas was bled into the lamps via a demand 
flow regulator. This regulator would deliver the gas at pressures 
from zero to j 60 mm.
Thick wall Tygon tubing was used in construction of 
the pumping and gas flow lines. When connected to the various com­
ponents, a rubber cement (Sealit) was applied to the fittings to 
prevent air leakage. A cold trap f ille d  with a dry ice-acetone mix­
ture was employed to prevent any volatile material from reaching the 
vacuum pump.
2. Operation of the Demountable Lamps with Inorganic
Compounds
The f ir s t  a ll-glass demountable hollow cathode lamp 
designed and constructed is shown in Figure if9* This lamp is re­
ferred to as lamp number two in the following discussions.
The body of the lamp was constructed from j 8 mm pyrex 
glass tubing having a wall thickness of 2 mm. The lamp was 10 in. in 
length. The j /8  in. quartz window was sealed to the lamp with low 
vapor pressure epoxy (Varian Associates), This small window size was
FIGURE k-T
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employed since no others were available at the time.
Two 8 mm bore, vacuum stopcocks (cup type) were sealed
to the lamp to allow the lamp to be run with the stopcocks closed and
the lamp sealed from the atmosphere and the vacuum pump i f  necessary.
One stopcock was an in let for argon carrier gas, the other stopcock
was a vacuum port.
The electrodes were sealed into the glass via special 
uranium glass bead seals. These were necessary since the differences 
in thermal expansion of glass and the nickel electrodes would not 
allow direct sealing. The cathode was mounted on an inner ■§§> standard 
taper o-ring glass joint to allow quick replacement of cathode cham­
bers .
The cathode element was in. in length and -g in. in 
diameter and constructed of nickel-plated stee l. The two auxiliary 
electrodes shown in the diagram w ill be described in a later section.
It was found that the lamp would not discharge steadi­
ly in practice. This was found to be caused by poor electrical con­
ductivity of the salts which were placed inside the hollow cathode 
element. To overcome th is, the solid samples were mixed with pow­
dered graphite in approximately 50-50 proportion. It was found that’ 
the graphite was effective in rendering the sample conductive to 
electrical current. The graphite-phosphate mixture was then placed 
inside the cathode element. The sample size was usually one to two 
grams, although much less was actually required. The use of the 
powdered graphite was effective in obtaining a steady emission.
After the sample was placed in the cathode, the argon 
gas flow was turned on and the lamp was fired. The carrier gas,
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argon, was required for stimulation of emission since the inorganic 
salts had such a low vapor pressure. The in itia l operation of the 
lamp was very erratic in a ll cases studied (except with P2O5 ). Durr 
ing this period, moisture was being driven out of the sample and the 
sample bubbled and sputtered profusely. After several minutes, this 
action ceased and the emission settled down to a constant level.
The pressure of the argon carrier gas was adjusted to 
give maximum emission of selected spectral lines. For example, a 
PO-band around 325O& would be monitored and the pressure varied un­
t i l  maximum intensity was achieved. The required pressure for opera­
tion of the lamps with solid samples was usually in the range,  ̂ to
0 .5  nun.
This dependence of emission on gas pressure was ex­
plained by the following: As the carrier gas atoms were ionized at
the anode, they were accelerated toward the cathode by the applied 
voltage. Their mean-free-path is dependent upon voltage and pres­
sure. That is ,  the distance an ion travels before i t  collides with 
another particle.
Since the voltage was set. at a maximum value for maxi­
mum current, the pressure was the effective control of the mean-free- 
path. It is  desirable to have a sufficiently long mean-free-path to 
obtain maximum collision between accelerated carrier gas particles 
and the sample in the cathode. In actual practice,, i t  was found that 
the lamps emit only over a limited pressure range. The lamp would 
not operate at a ll outside this range of pressure. Thus, pressure 
and voltage were set at values which allowed lamp operation.
The next lamp constructed (lamp number three) was
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designed to have maximum flex ib ility  and is shown in Figure 50. . The 
physical deminsions of the lamp were the same as lamp number two. A 
three inch quartz window was employed instead of the j /8  in. version 
in the f ir s t  lamp. This larger window size reduced the effects of 
light blockage by sputtered material which occurred during the opera­
tion of lamp number two.
In this version, a removable anode was employed via 
a -3̂ 1 glass joint to allow its  removal and cleaning since decom­
position products were found to coat the electrodes of the previous 
lamp. One of the vacuum stopcocks was removed and replaced by an 
outer glass joint. This was done since the physical shape of 
lamp number two made its  placement in the optical axis d ifficu lt.
This lamp was constructed with two pairs of removable 
auxiliary electrodes and a brass shield was placed over each. Their 
operation is described separately.
3. Operation of the Demountable Lamps with Organic
Compounds
The organic liquids whose emission are reported here 
are alkyl and aryl phosphates. Work with other organic compounds has 
been performed in these laboratories by other workers.
New lamps were constructed for operation with these 
liquid phosphates. The fourth lamp constructed is shown in Figure 
51. In t h i s  lamp, a 50 mm g la s s  tube was employed fo r  c o n s t r u c t io n  
and a 2 in. quartz window was used. There was no significant reason 
to change from the 3 in. window of the last lamp other than the fact
FIGURE 50
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that a greater number of 2 in. windows were available at the time.
The length of this lamp was 12 inches. A glass tube 
shield was placed around the anode clement to avoid deposits of 
decomposition products during operation. A ' £  inner joint was 
employed for cathode removal and a 3? ^  inner joint was used for the 
anode. This allowed both electrodes to be removed from the lamp for 
cleaning and replacement. In this lamp, T 3 5  joints were employed 
for the pumping and sample inlet ports. This allowed the quick 
connection and removal of the lamp from the vacuum system.
This lamp did not employ any vacuum stopcocks since
it  was found that the lamps could not be run successfully in a seal­
ed mode and also because they were quite expensive.
This lamp was constructed so that organic liquids
could be placed in containers separate from the lamp, as shown in
the diagrams of the sample flow systems. This was done so that each 
liquid might be heated or cooled to any desired temperature as re­
quired by its  vapor pressure. High boiling phosphates, such as 
p-tritolyl phosphate, were heated to increase their vapor pressures 
enough to allow adequate quantities for study. Their introduction 
into the lamp was controlled by a needle value. For stimulating 
emission of organic vapors, a carrier gas was not required since 
the compounds studied had sufficient vapor pressures.
The emission of the solid inorganic samples took place 
in or near the inside of the cathode element. However, with the 
liquid samples, the emission took place in the gas phase or just in 
front of the cathode.
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It was found that the leakage of air into the lamp 
could be attributed to the number of joints and connections. In 
operation with the liquid samples, no carrier gas was used. The 
organic vapors drawn into the lamp from the sample chamber served as 
a substitute. It was found, however, that without the flow of carrier 
gas, the leakage of air into the flask bacame a serious/problem. 
Examples of this are shown in following sections. Thus, a new lamp 
(lamp number five) was constructed to remove this effect.
This lamp shown in Figure 52 was constructed to have 
as few joints as possible to avoid leakage. The body of the lamp was 
an outer S glass joint with no modifications. The diameter of 
this joint was slightly less than three inches, making window place­
ment a simple task. This large joint was chosen to allow the in­
sertion of a ring-shaped anode. The anode was a nickel rod of 1/16 in. 
diameter, bent into circular shape and sodered onto the anode lead.
This anode design was chosen with the thought of providing a larger 
surface area for the electrical discharge. The organic compounds 
were ionized at the anode, thus a considerable amount of carbon­
aceous deposits were found on its  surface. These deposits caused 
erratic discharges in the lamp and i t  was necessary to cease opera­
tion and clean the element. Two glass tubes (i.D. 6 mm) were placed 
over the electrode leads to provide electrical insulation. The base 
of these tubes was fixed to the lamp with epoxy. Both electrodes 
were mounted in one £ 5  inner joint to eliminate the need for two 
removable connections.
As mentioned, these la st two lamps were used mainly 
with organic phosphates whose vapor was low enough to require
I9h
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heating of the sample. Another lamp (lamp number six) 
was designed for use with low boiling compounds. This lamp is 
shown in Figure 53*
This lamp was constructed from 50 nun glass tubing and 
employed a 2 in. quartz window. All joints except one'were elimi­
nated in an effort to reduce the amount of air leakage to the lowest 
possible level., The one joint used was a T o-ring glass joint to 
which the cathode was sealed.
The vacuum and vacuum gauge connections were attached 
directly to the lamp. The lamp was fitted  with a side-stem 6 in. 
in length and 1/2 in. in diameter. Samples could be placed in this 
side-stem which could be lowered into an ice-water bath or o il bath 
to control sample temperature.
The lamp was used almost exclusively to excite the 
emission of tri-ethyl phosphate. The side-stem was filled  half­
way with liquid and lowered into a sa lt-ice mixture to reduce the 
sample vapor pressure. The lamp could also be used with higher 
boiling compounds, such as tri-p-tolyl phosphate, where upon the side- 
stem was heated instead of cooled.
It was found that the liquid phosphates decomposed 
during investigation and deposited carbonaceous material inside the 
lamp. The anode and cathode elements were shorted out and the lamp 
failed . The problem was overcome by covering the element lead wire 
with a glass tube.
4. Purpose of Auxiliary Electrodes
Lamps number two and th ree  were c o n s t ru c te d  w ith
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a u x i l i a r y  e le c t r o d e s .  The purpose of these  e le c t ro d e s  was to  p ro­
v ide  a d d i t io n a l  e x c i t a t i o n  of sample atoms. This was an e x te n s io n  
of the idea  used by Walsh in  h i s  h igh  i n t e n s i t y  hollow cathode lamps, 
where an a d d i t io n a l  flow of e le c t ro n s  of low energy from a u x i l i a r y  
e le c t ro d e s  was employed to  f u r th e r  e x c i te  em iss ion  from atoms which 
were s p u t te re d  from the  cathode element (9 8 ) .
In  a normal hollow cathode lamp, the e x c i t a t i o n  en­
ergy of the ions t h a t  s t r i k e  the cathode i s  d i r e c t l y  p ro p o r t io n a l  to  
the a c c e le r a t in g  v o l ta g e .  The v o l ta g e  r e q u i r e d  to p u l l  an e le c t ro n  
from the  e le c t ro d e  su r fa c e  i s  a fu n c t io n  of the  work p o t e n t i a l  of 
the m e ta l .  That i s ,  the  work th a t  must be done to overcome the 
a t t r a c t i v e  fo rce s  c o n ta in in g  the e le c t ro n .  I f  the  work p o t e n t i a l  
of the  su rfa ce  can be low ered, then le s s  v o l ta g e  would be re q u i r e d .  
This can be done by c o a t in g  the su rface  o f  the  e le c t ro d e  w ith  an 
em iss ive  c o a t in g  such as barium or s t ro n t iu m  c a rb o n a te s .
Thus, experim ents were c a r r i e d  o u t  where sm all f i l a ­
ments were coated  w ith  barium carbonate  by fu s io n .  The f i la m e n ts  
were f i t t e d  ac ro ss  the two a u x i l i a r y  e le c t ro d e s  and h ea ted  w ith  
1*0-90 v o l t s  AC. DC-voltage was then a p p lied  between the  f i la m e n t  
and the  o th e r  a u x i l i a r y  e le c t ro d e .  C urren ts  in  the  range of lfO-lOO 
millam peres could be drawn in  the  c i r c u i t  by v o l ta g e s  o f 20-100 
v o l t s .  Thus, the  ions o b ta ined  were of a lower energy .
I t  was then  thought t h a t  in t ro d u c t io n  of an organ ic  
compound in to  t h i s  low energy s tream  of ions would r e s u l t  in  emis­
s io n  o f  whole m olecules in s te a d  of the io n iz a t io n  t h a t  u su a l ly  
o c c u rs .
This phenomena was n o t  observed in  t h i s  s tudy .
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U n fo r tu n a te ly ,  w hile  the  f i la m e n ts  would o p e ra te  w ith  the  c a r r i e r  gas 
f low ing , as soon as an o rg an ic  compound was in tro d u c ed , the f i la m e n ts  
were a t ta c k e d  and lamp o p e ra t io n  f a i l e d .  Repeated a ttem p ts  to  con-' 
s t r u c t  more durab le  f i la m e n ts  f a i l e d .  Only one m olecular em ission  
spectrum  w ith  th i s  type o f  system was o b ta ined  by J .  Rosemond in  our 
l a b o r a to r i e s  v99)- Thus, due to  experim enta l d i f f i c u l t y ,  work on 
th ese  em issive f i la m e n ts  was d isc o n tin u ed .
I I I .  RESULTS AND DISCUSSION
A. EMISSION OF INORGANIC PHOSPHATES
1 . Emission Spectrum of KHpPOa
Reagent grade KH2P04 was prepared  f o r  study  as de­
s c r ib e d  in  the  p reced ing  s e c t io n .  The sample was p laced  in s id e  the 
cathode and the  lamp was evacuated . The lamp was then  f i r e d ,  and the 
c a r r i e r  gas p re s su re  and v o l ta g e  were v a r ie d  u n t i l  s e t t i n g s  were 
o b ta in ed  a t  which the lamp would o p e ra te .
The sample s p u t te re d  p ro fu se ly  during  th e  i n i t i a l  
warm-up p e r io d ,  during  which time .moisture was e v id e n t ly  being  d r iv en  
ou t of the sample. A f te r  approxim ate ly  10 min. had e la p se d ,  the  
s p u t t e r in g  subsided  and a spectrum  could be ob ta in ed  which Is  shown 
in  F ig u re s  55 5&. The a u th o r  apo log izes  fo r  th re e  f ig u re s
be in g  r e q u ire d  fo r  d isp la y  o f the spectrum , however, as reco rded  i t  
was n e a r ly  8 f e e t  in  len g th  and con s iderab le  p h o to - re d u c t io n  was 
r e q u i r e d .
The g re a t  m a jo r i ty  of the s p e c t r a l '  l i n e s  shown in  the 
spectrum  belong to  a rgon , th e  c a r r i e r  gas. The reg io n s  of 2775$ 
to  2900$  and 3025$  to  3200$  show the wide band em iss ions due to  the 
w a te r  vapor in  the sample. The reg io n  of i n t e r e s t  f o r  th i s  study  was 
th a t  from 3200$ to  3500$, where em ission  by the  fragm ent, P-0 occu rs . 
As shown in  the  spectrum , bands o f  s i g n i f i c a n t  s iz e  were observed in  
t h a t  r e g io n .  The P-0 band em iss ion  in  th i s  reg io n  a re  shown in  more 




Em ission Spectrum of KHp P O a  in  a Hollow Cathode Lamp
Lamp used - number two
Experim ental C ond itions
c a r r i e r  gas = Argon
p ressu re  = 1 .5  nun
ga in  = 1024
lamp c u r re n t  = 40 ma
lamp, v o ltag e  = 270 V

















P-0 Band Emission o f KHpPCU
Lamp used - number two
E xperim ental Conditions
c a r r i e r  gas 
p re s su re  
ga in
lamp c u r r e n t  
lamp v o lta g e  
scan speed
Argon 









w ith  those  from o th e r  compounds in  a l a t e r  s e c t io n .
2. Emission Spectrum of NaHpPO/t
This compound was prepared  fo r  s tudy  as  p rev io u s ly  
d e sc r ib e d .  I t  e x h ib i te d  th e  same s p u t t e r in g  and e f f u s io n  upon 
i n i t i a l  o p e ra t io n  as d id  KH2PO4 . The spectrum  o f  the lamp w ith  t h i s  
compound in  the  cathode was n e a r ly  i d e n t i c a l  w ith  t h a t  ob ta ined  w ith  
KH2PO4 . There were PO bands in  the 3200$ to  3300^ re g io n  as w ith  
the p rev ious  compound. This s p e c t r a l  re g io n  i s  shown in  F igu re  58- 
Note the  same bands a t  between 3225$ and 3275-$ were o b ta ined  in  
n e a r ly  the same p ro p o r t io n .  This i s  to be expec ted  due to  the g r e a t  
s i m i l a r i t y  between KH2F04 and NaH2P04 . The la rg e  band n ear  3^00$ 
was due to  n i t ro g e n  from apparen t a i r  leakage in to  the  lamp.
3- Emission Spectrum of NFUHpPCU
This compound was prepared  fo r  study  as d e sc r ib ed  fo r  
the two p rev ious on es . This sample a lso  r e q u i r e d  an i n i t i a l  warm-up 
p e r io d  fo r  s teady  em iss ion  to  be o b ta in ed . The spectrum  ob ta ined  
was n e a r ly  i d e n t i c a l  w ith  those  of the  two p rev iou s  compounds. The 
em iss ion  in  the  3200-3^-00$ re g io n  i s  shown in  F igu re  59- The P0 band 
em iss ion  was more in te n se  than  from the p rev io us  sam ples. The p re ­
sence of NH fragments was shown by t h e i r  em iss ion  bands n ear  33^0$ 
and 3370^-  In  t h i s  sam ple, no a i r  leakage i n to  the  lamp was d e te c ted  
due to  the  absence of the  s t ro n g  N2 band observed w ith  NaH2P04 around 
3^00$. An in c id e n ta l  p o in t  i s  the  a b i l i t y  of the  lamp to d i f f e r e n t i ­
a te  between n i t ro g e n  from a i r  and from ammonia-type compounds. Fur­
th e r  d is c u s s io n  o f  t h i s  s p e c t r a l  reg io n  f o r  NH4H2PO4 i s  p resen ted
FIGURE 58
PO Band Em ission o f  NaHpPOA
Lamp used - number th re e
Experim ental C onditions
c a r r i e r  gas 
lamp p re s su re  
lamp c u r r e n t  
lamp v o l ta g e  
scan  speed 
g a in
Argon













PO Band Emission of NH/„HpPOA
Lamp used - number th ree
Experim ental C onditions
c a r r i e r  gas 
lamp p re ssu re  
lamp c u r re n t  
lamp v o lta g e  
ga in  
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l a t e r .
U. Em ission Spectrum o f  PpOc;
This compound was p rep a red  fo r  study  as d e sc r ib e d  fo r  
the p reced in g  compounds. The em iss ion  of the lamp w ith  P2O5 in  the 
cathode was f a i r l y  s tead y  from the s t a r t ,  no s p u t t e r in g  being  ob­
served. This compound d id ,  however, c o a t  the w a lls  o f th e  lamp 
quickly  due to  i t s  su b lim a tio n .  The spectrum ob ta ined  was n e a r ly  
id e n t ic a l  to  the  ones p rev io u s ly  d e sc r ib e d  with th e  e x c e p tio n  t h a t  
very l i t t l e  em iss io n  due to  w ater vapor was observed. This was to  
be expected s in c e  the compound was anhydrous and the o th e r s  con ta ined  
water o f h y d r a t io n .  The weak OH em iss ion  in  the 3100& re g io n  was 
probably due to  m o is tu re  in  the argon c a r r i e r  gas . The PO bands 
obtained f o r  t h i s  compound a re  comparable w ith  those  o b ta in ed  w ith  
KH2PO4 , NaH2P04 and NH4H2PO4 and a re  shown in  F igure  60. F u r th e r  
comparisons a r e  made in  a l a t e r  d i s c u s s io n .
B. EMISSION OF ORGANIC PHOSPHATES
As p re v io u s ly  mentioned, a c a r r i e r  gas was n e c e ssa ry  to  
ob ta in  em iss io n  when low vapor p re s s u re  so l id s  were s tu d i e d .  The 
ionized gas p a r t i c l e s  bombarded the  sample in  the cathode  e lem ent, 
s t im u la t in g  t h e i r  em iss ion . However, t h i s  c a r r i e r  gas was no t r e ­
quired f o r  th e  em iss ion  of o rgan ic  phosphates which had s u f f i c i e n t l y  
high vapor p r e s s u r e s .
In deed , t h i s  presence of an io n iz ab le  gas was n o t  d e s i r a b le .  
I f  ano ther su b s ta n c e  was p re se n t  w ith  th e  sample being  s tu d ie d  which 
could be more e a s i l y  io n iz e d ,  the sample emission may be reduced or
FIGURE 60
PO Band E m ission of Pp0r
Lamp used - number fou r
E xperim ental C onditions
c a r r i e r  gas 
lamp p re s s u re  
lamp c u r r e n t  
lamp v o l ta g e  
g a in  
scan speed
Argon gas











even e l im in a te d .  This can be seen by exam ination o f  the  io n iz a t io n  
p o t e n t i a l s  of argon and o rg an ic  compounds.
The f i r s t  i o n iz a t i o n  p o t e n t i a l  of argon i s  about 16 e le c -  
t r o n - v o l t s  (100 ) ,  w hile  50-70 e l e c t r o n - v o l t s  w i l l  fragm ent most 
o rgan ic  compounds (101). Thus, i f  argon i s  p re s e n t  w ith  organic  
compounds, i t  can absorb most of the e l e c t r i c a l  energy due to  i t s  
lower io n iz a t io n  p o t e n t i a l .  This e f f e c t  was observed experimen­
t a l l y .  Attem pts to .o b ta in  em iss ion  of t r i e t h y l  phosphate w ith  the 
argon flow ing through the  lamp were u nsu ccess fu l  and on ly  argon l in e s  
were observed .
Of course , i t  would be d e s i r a b le  to cause no fragm enta­
t io n  of the  molecule a t  a l l .  The em iss ion  of the complete molecule 
o r la rg e  fragments was the  id e a l  sought. This was n o t  p o ss ib le  w ith  
the  hollow cathode lamp as employed, s in ce  v o lta g es  in  the  range of 
200-500 v o l t s  were employed. As shown by mass sp e c tro sc o p ic  methods, 
the  appearance p o te n t i a l s  f o r  most o rgan ic  compounds i s  around 8-14 
v o l t s  (102). That i s ,  th e  v o l ta g e  j u s t  r e q u ire d  to  cause io n iz a t io n  
of the  m olecule .
Thus, to s t im u la te  the  em iss ion  of whole o rgan ic  molecules 
or la rg e  fragments th e r e o f ,  an o p e ra t in g  v o ltag e  around 10 v o l t s  or 
l e s s  would be r e q u i re d .  I t  i s  p o s s ib le  t h a t  in  the  hollow cathode 
lamp, a v e ry  small amount of molecule e x c i t a t io n  would occur when 
10 v o l t s  was a p p lied .  However, due to  the high  i n t e r n a l  r e s i s ta n c e  
between the  cathode and anode, an ex trem ely  low c u r re n t  would be 
o b ta ined  and the r e s u l t i n g  s t im u la te d  em ission  would be very  weak.
This was the rea so n  f o r  the a ttem p ts  a t  c o n s t ru c t in g  emis­
s iv e  f i la m e n ts .  That i s ,  f i la m e n ts  which would a llow  the flow of
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sufficient current to excite a detectable number of atoms at voltages 
low enough not to cause ionization. As previously stated, this was
not obtainable at the present level of construction capability.
Thus, the emission spectra of the organo-phosphates studied gave 
small fragment and not whole molecule emission. These results are 
now given.
1 .  Emission Spectrum of T r ie th y l  Phosphate
The compound, triethyl phosphate, was most extensively 
studied since i t  offered a sufficient vapor pressure around room 
temperature (1 mm at J 9 . 6 ° C  and 10 mm at 82.1°C) (103).
Lamps number five and six were employed for emission
studies with organic liquids. Lamp number five was used mainly with 
triethyl phosphate. As shown previously in the sample flow system 
(Figure 1+8), the sample liquid was placed in a 200 ml round bottom 
flask. This flask was heated to J O °C via a heating mantle. The 
organic vapor then passed into the lamp, and out through the pumping 
system.
The pressure of the vapor inside the lamp was regu­
lated by the needle valve in the pumping line and by increased heat­
ing of the sample.
The DC voltage was then applied to the lamp and a 
discharge occurred. A quick scan of the emission showed emission in 
the P0 region, J 2 - J b 0 0 % .  The pressure was then adjusted for maxi­
mum emission of a band at 3292$ and a value of 1.5 nun. was required. . 
The operating voltage at this point was j G O  vo lts. The emission of 
the lamp was very erratic and hard to sustain.
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As em iss ion  c o n tin u ed , a b u ild -u p  of carbonaceous 
m a te r ia l  occurred  on cathode  and anode. This made necessa ry  the use 
of g la s s  s h i e ld s ,  as shown, on the cathode and anode elements of 
lamps f iv e  and s ix .
The reco rded  em iss ion  spectrum  o f  t r i e t h y l  phosphate 
under th ese  c o n d it io n s  i s  shown in  F ig u re s  61, 62 , and 6 3 . Here 
a g a in ,  an 8 fo o t  long r e c o rd in g  made p r e s e n ta t io n  in  th re e  p o r t io n s  
n e c e s sa ry .  As shown, much f rag m e n ta tio n  o f the m olecule has occurred  
and many band em issions in d ic a t i v e  o f  sm all fragm ents a re  reco rd ed .
Bands observed in  th e  spectrum  were due to  such f r a g ­
ments as PO, N2 , CO, CO2 , OH, CH, C2 and p o s s ib ly ,  POH. These emis­
s io ns  a re  f u r t h e r  c h a r a c te r i z e d  and i d e n t i f i e d  in  fo llow ing  s e c t io n s .  
F ig u re  6b shows the  PO em iss ion  o f t r i e t h y l  phosphate in  more d e t a i l .  
As in d ic a te d ,  the band shapes a re  d i f f e r e n t  than  those ob ta ined  w ith  
the  in o rg a n ic  phosphates . A la rg e  band observed a t  3290-3300& was 
n o t  p re s e n t  in  the PO em iss ions  p re v io u s ly  observed .
F igure  65 shows an i n t e r e s t i n g  change in  the em iss ion  
o f t r i e t h y l  phosphate . This spectrum  was ob ta ined  w ith  lamp number 
s i x .  A s id e -s te m  was se a le d  d i r e c t l y  to  the lamp. 10 ml o f t r i ­
e th y l  phosphate was p laced  in s id e  the  stem, the lamp assembled and 
the  e v ac u a tio n  i n i t i a t e d .  The l iq u id  in  the  s id e -s tem  was fro zen  by 
p la c in g  a sm all Dewar f l a s k  c o n ta in in g  dry ice  in  ace tone  around the 
stem.
The system was then  evacuated  fo r  s e v e ra l  hours to 
de-gas the  lamp, tub ing  and flow system . A low p re s su re  of 20 mi­
crons was a ta in e d .  The sample was then  allowed to  warm up to  0°C 
by su rround ing  the  s id e -s te m  w ith  an ic e -w a te r  s l u r r y .  The pumping
FIGURE 61
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Em ission Spectrum of T r ie th y l  Phosphate
Lamp used - number f iv e
E xperim enta l Conditions
c a r r i e r  gas = organic vapor 
lamp p re s su re  = 1.50  mm
lamp c u r r e n t  = 20 ma
lamp v o l ta g e  = 560 V
g a in  = 1080 
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FIGURE 65
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E m ission  Spectrum of T r ie th y l  Phosphate Under Reduced P re ssu re
Lamp used -  number s ix
Experim ental Conditions
c a r r i e r  gas = o rgan ic  vapor 
lamp p re s su re  = 0 .5  mm
lamp c u r re n t  = 13 ma
lamp v o lta g e  = 5 -̂0 V
ga in  = I I 50 
scan speed = 125 A/min.
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r a t e  was v a r ie d  v ia  a needle  va lve  in  the pump l i n e  u n t i l  an i n t e r ­
n a l  p re s s u re  of 0 .5  to  0 .6  mm was ob ta ined .
The DC v o lta g e  was then app lied  to  the  lamp and a 
d isc h a rg e  occurred  a t  around 6b0 to  $60 v o l t s .  Under these  cond i­
t i o n s ,  a unique d ischarge  between th e  anode and cathode  was o b ta in ed .  
M u lt ip le  s t r i a t i o n s  ( i . e . ,  c o n c e n tr ic  r in g s  of l i g h t )  extended from 
the  anode toward the ca thode. F igu re  66 shows an a t tem p t a t  i l l u s ­
t r a t i n g  th ese  s t r i a t i o n s .  They resembled th ree  dem insional p a ra ­
bo las  w ith  t h e i r  bases p o in t in g  toward the ca thode.
The spacing  between, and number of jrings could  be 
changed by vary ing  the  lamp p r e s s u r e .  The r in g s  r e p re s e n te d  v iv id ly  
the mean f r e e  pa th  of t r a v e l  of the ions produced a t  the anode durr  
ing t h e i r  a c c e le r a t io n  toward the  cathode. This e f f e c t  i s  w e l l  known 
in  d isc h a rg e  tu b e s ,  b u t  n o t  r e p o r te d  before  using  hollow  cathode 
lam ps.
The spectrum  thus ob ta ined  showed a marked d i f f e r ­
ence from t h a t  ob ta in ed  a t  a h ig h e r  sample p re s s u re .  Much l e s s  emis­
s io n  from fragments was observed . The in te n s i ty  o f th e  P0 band a t  
3290$ and the  POH band at- 5200$ appears to be s t ro n g e r  r e l a t i v e  to  
the  l a r g e  OH band around 3100$. A lso , a s trong  em iss ion  from phos­
phorus was observed a t  2535$* This l in e  was n o t observed in  the 
p reced in g  em iss ion  s p e c t r a .  These bands w i l l  be d isc u sse d  and com­
pared to  o th e rs  in  a l a t e r  s e c t io n .
2. Emission of T r i - n - b u ty l  Phosphate
Lamp number f iv e  was used to o b ta in  the  em iss ion  
spectrum  o f  t r i - n - b u t y l  phosphate . This compound was p repared  fo r
FIGURE 66
I l l u s t r a t i o n  o f  M u lt ip le  S t r i a t i o n s  o f L ig h t 
Between Anode and Cathode
striations




study as described for triethyl phosphate. The sample was heated to 
80°G to increase its  vapor pressure. The pressure in the lamp was 
adjusted to 1.7 mm and the lamp fired.
The emission spectrum obtained was nearly identical 
with that obtained for triethyl phosphate. This fact strongly 
supports the idea that fragmentation of the organic compounds in the 
lamp was for a ll practical purposes, complete. No emission was ob­
tained from fragments larger than two atoms. This' excludes the pos­
sible emission at 5200& of POH which has been suggested (10^).
The P0 emission region for tri-n-butyl phosphate is 
shown in Figure 6 7 . The bands observed are the same as observed 
with triethyl phosphate. Note also, the strong emission of N2 im­
purities at 3370 *̂
<
3. Emission of Tri-(p-to ly l) Phosphate
This compound was run just as described for the last 
two compounds. Due to the higher boiling point of this compound 
(250°C 10 mm), i t  was heated to 120°C. The flow of vapor through 
the lamp was initiated and the lamp fired. As with a ll the organic 
phosphates, much decomposition occurred.
The emission of this compound was also the same as the 
previous ones. The P0 emission of the phosphate is  shown in Figure
68. While band shapes are not identical, the same bands occur due 
to the P0 fragment as with a ll phosphates studied. The emission of 
fragments due to the organic part of the molecule was essentially  
the same as observed with triethyl and tri-n-butyl phosphates.
FIGURE 67
PO Band Em ission o f  T r i -n -bu ty l Phosphate
Lamp used - number five
Experimental Conditions
carrier gas = organic vapor 
lamp pressure = 1.7 mm
lamp voltage = k 2 5  V
lamp current = 21 ma
gain = 1025 




PO Band Emission of Tri-p-tolyl Phosphate
Lamp used - number five
Experimental Conditions
carrier gas = organic vapor 
lamp pressure = 1 .3  mm
lamp voltage = h - 2 . 0  V
lamp current = 2k  ma 
gain = 1030
scan speed = 50 A/min.
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C. ORIGIN OF SPECTRA
The following section l is t s  the spectra obtained for the 
compounds studied by wavelength and assignments of emitting species 
are made. The standard work in identification of molecular spectra 
by Messers Pearse and Gaydon was employed (105) and w ill only be 
referenced here. The atomic line emissions were identified with the 
help of another eeference text (1 0 6 ).
As mentioned several times, the emission observed in a ll 
cases was due to fragments of the compounds studied. These fragments 
were, for the most part, two atom species. In a few cases, single 
atom emission from the original compounds was observed.
The major emission lines of KH2P04. with argon as the 
carrier gas is shown in Table VIII. This spectrum was identical to 
that of argon alone in the lamp with the exception of the 3 system 
of PO which occurs between 3200-3350$. The spectrum also contained 
emission from OH and from water vapor in the carrier gas. The 
spectra of the other inorganic phosphates were the same as that for 
KH2PO4 with the only difference being that of band intensities.
The major emission lines of triethyl phosphate are iden­
tified  in Table IX. This was a very complex spectrum, containing 
emission from many fragments. Emission from C2, CH, CO, N2 , CN, 02 , 
PO and NO was observed. There was considerable emission due to air 
impurities. The bands of C0+, CO, NO, N2 , 02+, CN, N2+ were quite 
strong. All of the organic compounds studied showed identical 
spectra.
Table X shows the emission of fragments observed in the
2>i0
emission spectra of triethyl phosphate taken under reduced pressure. 
The number of bands observed was much smaller than previously re­
corded. A strong P line at 2537  ̂ was observed. The PO emission in- 
the 3200-3350-  ̂ region shows only the bands at ^235  ̂ and 3298X. Also 
identified was a band at 5200& attributed to POH.
Table XI shows a comparison of the PO band emission for the 
inorganic phosphates. Most of the bands reported in the literature 
were observed for each compound.
Table XII shows a similar comparison of the PO band emis­
sion for the organic phosphates. Here again, most of the bands re­
ported in the literature were observed. The band at 3203  ̂ for tr i­
ethyl phosphate was observed at a slightly lower wavelength. The 
shape of the band was similar to that obtained with the- butyl and 
tolyl phosphates.
TABLE V I I I
Major Emission L ines from KHpPO/i.
Observed E m ittin g  R e la t iv e  Observed E m itting  R e la t iv e
Wavelength Species I n te n s i ty  Wavelength Spec ies  I n t e n s i t y
2792 OH 25 3623 Ar 17
2874 OH 25 3700 Ar 25
2925 Ar 57 3713 Ar 40
2961 Ar 3 6 3720 Ar 31
3016 Ar 21 3749 Ar 35
3045 OH 79 3764 Ar 16
3200 OH 79 3784 • Ar 18
3200 Ar 11 3816 Ar 19
3205 Ar 14 3832 Ar 34
3210 Ar 7 3850 Ar 21
3214 Ar 12 3908 Ar 24
3216 PO 8 3927 Ar 32
3229 PO 45 5976 Ar 29
3236 PO 35 4024 Ar 44
3247 PO 36 4033 Ar 52
3252 PO kk 4054 Ar 61
3256 PO 2k 4062 Ar 32
3262 PO 31 4085 Ar 40
3274 PO 16 4114 Ar 62
3280 PO 11 4l4o Ar 65
3285 PO 12 4164 Ar 29
3295 PO 9 4172 Ar 48
3305 PO 8 4181 Ar 72
3311 PO 7 4210 Ar 31
3328 PO 14 4219 Ar 34
3332 PO 11 4241 Ar 62
3350 PO 10 4248 Ar 44
3326 PO 14 4250 Ar 44
3371 Ar 11 4255 Ar 45
3460 Ar 12 4260 Ar 70
3475 Ar 46 4282 Ar 43
3^92 Ar 31 4290 Ar 29
3497 Ar 20 4312 Ar 46
3528 Ar 58 4330 Ar 63
3543 Ar 63 4353 Ar 60
3560 Ar 41 4361 Ar 44
3566 Ar 38 4362. Ar 26
3572 Ar 4o 4382 Ar 41
3588 Ar 19 4407 Ar 60
2h2
TABLE V I I I  (c o n tin u e d )
Observed Emitting Relative 
Wavelength Species Intensity
*4*1-12 Ar k 3
k h 2 9 Ar 20
6 Ar k l
k k 6 k Ar 50
k k 92 Ar *48
k 32  6 Ar 63
k 56 l Ar 55
•̂572 Ar 60
^592 Ar 68
+̂6̂ 4-0 Ar 6 k




*1-729 Ar 3 k
k j k 2 Ar *1-1
^783 Ar 52







Ma jor Emission Lines from Triethy1 Phosphate
Observed E m itting  Observed Em itting
Wavelength Species Wavelength Species
2133 CCH- 3672 o2
218? C0+ 3681 CO
2297 CO+ 3690 C02
2322 C0+ 3705 o2+
2349 C0+ 3709 n2
2416 C0+ 3722 C0+
2442 C 04- 3750 n2
2b j 0 NO 3780 NO
2475 C0+ 3790 NO
2500 C0+ 3795 C0+
2545 02+ 3800 n2
2574 G0+ 3858 n2+
2603 NO 3870 CN
2635 n2 3886 n2+
2820 co+(n2) 3910 CN
2832 CO 39^2 n2
2880 co2+ 3954 C0+
2892 C0+ 3970 C0+
3060 OH 3975 C0+
3200 OH 3987 ' CN
3220 PO 399? C0+
3230 0 4019 C0+
3245 PO 40 60 n2
3250 PO 4068 C2
3262 PO 4100 C2
3270 PO 4120 co2
3275 PO 4175 °2
3292 PO 4201 n2
3369 n2 4229 co+
3375 NO 4253 co+
3425 No 4268 Na
35IO co2 4277 C0+
3532 co2 4284 NO
3545 co2 4290 °2
3560 co2 4343 No
357^ n2 4377 CO
3584 C0+ 4412 CO ?
3600 C0+ 4495 N2  ?
3661 co2 4505 CH
2kk







E m itt in g
S pec ies
1*566 CO+ 1*865 ?
1+571 ? 1*889 ?
5̂78 n2 1*925 9
1*598 n2 1*930 ?
4631 ' no2 ? 1*91*5 ?
1*61*9 n2+ 1*951* ?
1*660 CO 5010 ?
1*682 CO+ 5050 n2
1*711 CO+ 5077 ?
1*716 c2 5097 c2
1*721 n2 5152 n2+
1*770 CO ? 5166 C2
1*830 CN 5195 CO
1*836 n2 (co) 5222 n2+
1*860
TABLE X
Major Em ission Lines from T r ie th y l  Phosphate (reduced p r e s s u r e ) •
Observed E m it t in g  R e la t iv e
Wavelength S p ec ies  I n t e n s i t y
2557 P 98




32̂ 5 PO 6
3298 PO 53
3370 Na k








PO Emission of In o rg an ic  Phosphato Compounds
Literature ^Observed for
Wavelength KH2P04 NaH2P04 NH4H2P04 P205
3218 0 0 0 0
32*1-6 X X X X
3255 X X X X
3270 X X X X
3303 X X X X
3311 X X X X
3321 X X X X
3328 X 0 0 X
33^0 X X X X
* (X = yes, 0 = no)
2b'f
TABLE XIX
PO Emission of Organic Phosphate Compounds
Literature ^Observed for:
Wavelength ethyl butyl tolyl
3218 X X X
32^6 X X X
3255 X X X
3270 X X X
3203 O'** X X
3311 0 0 0
3321 0 0 0
* (X = yes, 0 = no)
*•* This band observed at slightly  lower wavelength.
IV . SUMMARY
New demountable hollow cathode  lamps have been c o n s t r u c t e d .  The 
emiss ion  o f  phosphate  compounds has been s tu d i e d .  The d e t a i l s  of 
lamp c o n s t r u c t i o n  has been d i sc u sse d  and t h e i r  o p e r a t i o n  r e p o r t e d .
The em iss ion  of s o l i d  ino rgan ic  phosphates has been observed .  The 
em iss ion  o f  the P-0 fragment was the prominent f e a t u r e  o b ta in ed .
The em iss ion  of organic  phosphates was found to  be from f r a g ­
ments. The band emiss ions were from the  fo l low ing  feagm ents , PO,
CH, C2 , CO, OH, and POH. No l a r g e r  fragment em iss ion  was observed .  
This was a t t r i b u t e d  to the h igh  o p e ra t in g  energy o f  the  lamp. V o l t ­
ages exceeding  th e  i o n i z a t i o n  p o t e n t i a l  of the  compounds was re q u i r e d  
f o r  o p e r a t i o n .
The band em iss ion  of  a n a l y t i c a l  importance was t h a t  from the PO 
fragment.  This band was observed in  a l l  phosphate c o n ta in in g  com­
pounds. However, the  emiss ion i n t e n s i t y  of each compound a t  the  PO 
wavelengths could n o t  be q u a n t i t a t i v e l y  s tu d ied  s in c e  lamp o p e ra t io n  
w i th  th e s e  compounds was not  r e p r o d u c ib le .  The developed lamps may 
be u s e f u l  to  those d e s i r i n g  to s tudy  the emiss ion o f  small fragment 
molecules and atoms s ince  they a re  cons ide rab ly  e a s i e r  to  c o n s t r u c t  
and o p e ra te  than o th e r  methods, such as the a rc  o r  sp a rk  so u rces .
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